
SA0-A097 673 N4ASSACIAUSETTS INST OF TECH CAMBRIDGE RESEARCH LAB OF--ETC F/6 17/2"7 HOSPHERIC OPTICAL COMMUNICATION SYSTEMSFE lR ENEYOAG9A-CO1

UNCLASSIFIED ARO-17158.1-A-EL N

4 E EE E E
Ilflfllflfflfllflfflf

EhhEEEEEEEEEEEo
omhhhhhhhhhhhhl
I-mmhhmhhhl
E-EEmohmhEEohE*muuuuu.



FINAL REPORT

Atmospheric Optical Communication Systems

Ott U. S. Army Research Office

9=1 Contract DAAG29-80-C-0010

covering the period

22 October 1979 - 21 January 1981

Submitted by

R. S. Kennedy *. '

February 1981

-d'

4 , d,. . ' ' iik3

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

_Research Laboratory of Electronics

LCambridge, Massachusetts 02139

P1410



AID-AO"7 673

ARtO.17158.1 -A-EL

Pages 2-1.5 thru 2-49j, 2-671 2.3-22 thru 3.24
were deleted because of security reasons per the
author per MRO.

DTIC4AM-2
12 May 81



UNCLASSIFIE 4R &(9 -

SECURITY CLASSIFICATION OF T NIH 'WAi f-U en -Date Entered) .I /
IPR DREAD INSTRUCTIONS

REPORT DOCUMENTATION PAGE B3EFORE COMPLETING FORM

I. REPORT NUMBER 
2 . 

GOVT ACCESSION NO 3. RECIPIENT'S CATALOG NUMBER

-Icq q A rO--q
4. TITLE (&,d Subtitle) ""qmDOOVERED

S TMOSPHERIC OPTICAL COMMUN Final ept.

'4--i SVSTEMS, ?' .. .... /R.....ER.. .

7. AUTHOR(s) CONTRACT OR dNUMBER(x)

R. Kennedy DAAG'9-8-C 1N

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK

R.SI~ened ,'___ AREA &WORK UNIT NUMBERS
Research Laboratory of Electronics
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

It. CONTROLLING OFFICE NAME AND ADDRESS 12. n

U. S. Army Research Office b
P. 0. Box 12211 13. N OF PAGES

Research Triangle Park. N. C. 27709 307
14. MONITORING AGENCY NAME & AODRESS(II different Irom Controlling Office) IS. SECURITY CLASS. (of thie report)

Unclassified
- IS1.. DECLASSIFICATION,'LOWNGRADING

- - SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

III. SUPPLEMENTARY NOTES

The view, opinions, and/or findings contained in this report are those of the
authors and should not be construed as an official Department of the Army
position, policy, or decision, unless so designated by other documentation.

19. KEY WORDS (Continue on reverse side it necessary and Identify by block number)

Optical communication
Optical scattering
Atmospheric optics
Secure communications

20. ABSTRACT (Continue ot, reverse side II necessary and identify by block number) The performance of off-axis
optical communication receivers is considered. A statistical model of the photodetec.
tion process is presented and the influence of the received field statistics on the photo-
detection process is discussed. Upper and lower bounds on the probability of bit error
for binary, one-shot, digital communication systems utilizing direct detection are de-
veloped. These bounds are based onthe Bhattacharyya distance measure. A compute]
program is developed, which when interfaced with existing programs that model the
propagation of optical radiation through the atmosphere, predicts the probability of
bit error performance for off-axis optical communication systems.

D J AN73 1473 EDITION OF ,NOV65 IS OBSOLETE UNCLASSIFIEbh
SEcunlITY CL ASSIFICAqN OF THIS PAGE (IItw-, v~I~red)



DEPARTMENT OF ELECTRICAL ENGINEERING AND COMPUTER SCIENCE

- MASSACHUSETTS INSTITUTE OF TECHNOLOGY
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tI
July 30, 1980

Dear OFF-AXIS Program Users:

The OFF-AXIS program is a coded model of laser beam

* propagation through single scatter atmospheres. The pro-

gram was developed at Hughes Aircraft for the National

Security Agency. At MIT the program was modified and

expanded to include performance analysis of off-axis

digital communication receivers.

The performance analysis added at MIT takes the form

of upper and lower bounds on the probability of bit error.

These calculations occur in a Mode 6, parallel to Modes
1-5 in the terrestrial link analysis. The modifications

to the original program are mainly the inclusion of

additional input parameters necessary for performance

analysis and the transfer of control to the new Mode 6.

The major work of the study is contained in two sub-

routines, ERROR and APZRTR.

Section I of this document contains the original pro-

gram documentation written at Hughes. Modifications and

additions made at MIT are ncted. Section II contains a

sample run of the program. Section III is a listing of

the modified program as run on MIT's Multics system.

Changes from the original Hughes code are highlighted with

comments.

Section IV is a user's manual for the subroutine

ERROR. This is the subroutine that calculates the bounds

on the probability of error. The background for these

calculations is presented in my thesis, "Perfor.iance of

Off-axis Optical Communication Receivers in Scattering

continued:
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Atmospheres" (MIT MS thesis 1980).

Section V contains documentation for the subroutine
APERTR. This subroutine calculates if there is enough

aperature averaging to ignore the effects of turbulence

induced fading in the clear atmosphere betweeen the
scattering volume and the off-axis receiver. Such fading
would degrade the performance of an off-axis receiver.

If at a later date there are questions, feel free to

.J contact me at my new location:

*Bell Laboratories, Blg WB

Crawford Corners Road

Holmdel, N.J. 07733

Sincerely,

William Jaeger

WJ:nl
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Though it does not effect program operation, . .

The noise (variance) of the output VO-rRu0
due to dark current events is

InX2d 2hc p(qG) 2 FBRL

The dark power, P., is the average power that if applied to an ideal
detector would give rise to the average (DC) dark current, id -

i dhc
id - P (qG) and Pd - d Is

d hc d d nX(qG)

Thus the correct expression for Nd (equation 2-9) is

N d = 2 idqGFBRI

and the correct expression of NEP (equation 2-12) is

NEP = (hc/nq)[
2qidF + 4kT/G 

2R 1/2

nput noise parameters; the dark current, ido and the noise equivalent
power due to thermal noise alone, P,,.

hc 4[ !1/2Fhc rk
P - '-
therm riX(Gq)

Pt 
NEP 2 2 (hc/Xq) 2 (2qidF/G)]1

/2

.. . .. m



The noise equivalent power due to thermal noise is related to the spectral

density of the thermal noise, N0/2,

N/2 - 2kT/RL

~therm 0 2)J/

2
1 N /2- 1/2 n XGq  2

0 hc Ptherm)

IM

S p

NM (2hc/nX)FB(P s+P b+pd) + (NEP) B

where Pd is again a fictitous power that gives rise to the dark current

K hcid
-d -G
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COMPUTE
ANGLES &
RANGES

PRINT SR
LOCATION

CG CALCULATE
CALL SIGNAL R CHANNEL

COMTOT POWER IMPULSE
-. RESPONSE

CONVOLUTION
RECEIVED POWER • FUTURE OF IMPULSE

SIGNAL POWER TIME RESPONSE
WAVEFORM DISPERSION ANDANALYSIS WAVEFORM

. .5

CHECK FOR
CALL BACKGROUND INTERSYMBOL
BACK POWER ",., INTERFERENCE

CHECK IF THERE
IS ENOUGH APERTURE

CALL AVERAGING TO
APERTR -- IGNORE EFFECTS

OF FADING DUE
TO TURBULENCE
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(U) Attempts at establishing realisric error bounds on the data reviewed were
aggravated by the fact that there was in many instances inadequate data to establish
a meaningful standard deviation. A sensitivity analysis has instead been suggested
wherein the computer program is used to establish the significance of extreme var-
iations to parametric values in those cases where reasonable bounds are difficult to
predict.
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Section 2 - Data-Base Review and Model Formulation

Subsection B - Scenario Characterization

1. CHARACTERIZING AN OPTICAL COMMUNICATIONS LINK

The ECKSTROM computer program has been designed to model the vulnerability of speci-
fic optical links. This discussion outlines those parameters which must be considered to de-
scribe the overall system and site to be modeled.

In order to establish the vulnerability of an open-beam, optical communic-tions
link to detection. , the basic characteristic. of
the link design, c_ its geometry, and of its environment must be specified. These
basic characteristics are illustrated in Figure 2-1 where a transmitter, receiver,
and link surroundings are depicted in an arbitrary scenario.
(U) Basic transmitter parameters which must be specified are the operational op-
tical wavelength X., the peak optical output power Po at the transmitter exit aperture,
the diameter of the exit aperture Dt, the angular spread of the optical beam o t , and
the modulation format employed. If the system is diffraction limited, the beamspread

' can be specified in terms of the wavelength and exit aperture diameter, but this is
not usually the case. However, the diffraction limit does set a lower limit to beam-
width. Receiver parameters of interest include the entrance aperture diameter Or,
the detector field of view Or, and whether direct or heterodyne detection is em. oyed.
These parameters, however, are of only secondary importance.

The system modul.tion format is quite significant when
considered. The optical source may be either continuous wave (CW) or pulsed, and
either analog, pulse, or digital modulation may be used. Moreover, the carrier may
be modulated in amplitude (or intensity), frequency, phase, or polarization, or one of
a number of pulse modulation formats (such as pulse position modulation) may be
employed. Pratt (2-1 1 considers an extensive list of possible modulation formats.
(U) Because of the wide .diversity of possible formats, we will initially restrict at-
tention to three basic types. This number can be extended in the future as found
necessary. The three types include CW intensity modulation, pulse-code intensity
modulation, and CW frequency modulation (requiring heterodyne detection). Fr r both
CW and pulse systems the link's information bandwidth B and the depth of mod&,Lation
M must be specified, and for pulse systems the pulse duration r must be spec-fled.
(U) Two important aspects of a system not to be found on vendor data sheets are
the optical quality of the transmitter optics and the reflection characteristics of the
receiver. These factors are considered in detail in subsequent discussions of the
link scattering and reflection models.
(U) Geometrical aspects of the link include the range Z of the link and the respec-
tive heights above ground level of the transmitter and receiver, ht and h,. The
heights are significant because of the variation in atmospheric scattering and ab-
sorption coefficients with altitude and the variation of turbulence effects with altitude.
Atmospheric turbulence causes spreading of the transmitted beam.

Site characteristics include local meteorological conditions and physical -.har-
acteristics of the link environment. Weather conditions will effect changes in A±mos-
pheric scattering, absorption, and turbulent beam spreading. Temperature, "lative
humidity, atmospheric pressure, and visibility are weather condition descrit ors,
but it has been found that such parameters are difficult to functionally relate to the
significant effects. General meteorological descriptors as documented by the Air

2-4
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Force Geophysics Laboratories (AFOL) have been found to be more appropriate.
Important physical characteristics identified include the presence of window panes
in front of either the transmitter or receiver, or both, the presence of trees or
foliage along the beam path, and the nature and orientation of the backstop at the re-
ceiver. The backstop is a primary source of scattering, and window panes or foliage
will act as secondary but perhaps significant sources of scatter. The ground itself
may also be a significant source of reflection.
(LY) Models for each of these effects are considered in the scattering analrses to
follow.

SI ANSMITTER PARAMETERS
WAVLEINOTH ?

PEAK POWER P0

EXIT APERTUR DIAMETER 0,

OPTICAL "AMWIOTM O

MODULATION TPC

BASIC RECE. VER PARAMETERS

LINK RNGE ZENTRANCE APERTURIE DIAMETER 0,

A DEMOOULATIO'I TYPE

Ll L / TRANSMITTER

I SITE .- ARACTERISTICS
.WAT'ER COITIONS

I 06JECTS IN PATM

Figure 2-1. (U) A Depiction of the Basic Characteristics of an Open-Beam Optical Communications
link (U)
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Section 2- Data-Base Review and Model Formulation
Subsection B - Scenario Characterization

This discussion provides a general overview of the basic parameters which must
be specified in order to properly characterize a er. A more ex-
tensive receiver investigation is presented in Section 5, including the fundamental con-
sideraton of detector sensitivity, not discussed here.
- There are numerous tradeoffs necessary in determining an optimum

receiver design. However, most of them are unimportant with regard to computer
modeling except insofar as they may complicate the surveillance problem. For ex-
ample, whether optical components are refractive or reflective is unimportant in this

-regard. For computer modeling, the receiver used for off-axis detection is therefore
specified only in terms of its pertinent system design parameters and its geometrical
relation with respect to the link. Significant parameters are diagrammed in Figure
2-2 assuming a simple refractive system.
• .- "The area As of the ; aperture, assumed circular, must be

specified. From the -int of view this area should be maximized, but
it is limited by practical considerauons such as cost, weight, transportability, and

Another design parameter of importance is the system
solid angular field of view Qs. $s is given by

as a as/f 2  (2-I)

where as is the area of the system's optical detector, assumed rectangular, of linear
dimensions dsh and dsv, and f is the effective system focal length. The focal length
is in turn related to the system aperture diameter Ds and focal ratio, or f-number
(f#), by

f = Ds fY (2-2)

Since there are practical limitations on the size of detectors and system f-numbers,
it is best to specify as and f#, and to then specify Qs in terms of them. Characteris-
tic detector sizes are given in Section 5. A minimum f-number of unity is realistic.
but values much lower than unity are very difficult to attain. Hence, from (2-2) and
(2-3)

/= a/(Dsf#) 2. (2-3)

Use of (2-3) will avoid the user's specifying an unrealistic threat in the model. The

lieterodyne-detection system. For a general discussion ot optical heterodyne

2-6
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Secion 2 - Data-Base Review and Model Formuiar.o
Subsecdozz B - Sceaa-io Ch-atrizon.

r)Geomerical aspects of imporance relatzg an optical link and a zearby
receiver are shown in Figure 2-3. The localion of the o ;-ce'v -e 9JI3

specified with respe= to the t-nsmitte and link wds in terzis of z. and .c,. Its.
location may alternaz.vely be specified in terms of at, a r, 3tj orB.R defined as
shown. The -. teceiver is always assumesd to be ointed La a. direction which
intarcepts the Unk a~.s, the oientation being specified by either ej, the angle of iner-
cect, or Zj. R, is the distance from the aLaL poi= of =aercept and the surveillance
receiver.

j The lnear~ receiver field Of View 3hWC 0 sh' is X17v11 by

Sha d /L (2-4)

This is the field of view along the wds, usually horizontal (h). The linear field of
view prpendiculaz' to the Uic a~ds is

- d~,f (2-5)

usually vertical (v). The field of view 6,h, however, establishes what portion of the
beam is under surveillance. By rotating the receiver, that is, vurTing
Gj, the trnzittIer, link path, and receiver may in tur be monmitored. rf a sh issz
ficiently lazge, then all three sources of scattered rndiaton may simltnously be
monitored, a case which can be analyzed.

PjBecause of the variation. of ar-ospheric effects wtth altitude, the
receiver 3 altitude is also Iniportant. Such a variazien is allowed in the propim, '-1e
geometry of which is described In Section 3.
L. Althouh the uise of a lzzWe field Of View 0 3h may allow More scaerd enerry
to be collected, dispersion effects mazy lead to limitatIons if message tutereeqt is
atempted. The dispersion effects result because of the reLative size of the
receiver field of view. For mmale, two phatons eitted simultaneouuly frcm the
toninttor may be scattered fram the two Points A and B of Fig=r 2-3 int the re-
ceiver. The dffermce in the two path lengths results in a difference In the time of
arrival, of the two photons. The response of the receiver will therefore be degraded.
Pulses will be spread in time and CW modmiated sources distorted. The amount of
distortion is determined by convolving the reszl~g point spread function with the
actual signal. It is act c-Iucx at what point the waveform is degraded beyond recog-
nilion, but distortion is cloarly more severe f6or wtder-bend sigmals. 2 is purt~ou!.iriy
severe In the very wide-band, space-to-grzmd scenario, in which case the two poizxts
A and 3 may be very fa~r apart. ,To provision is mnade in the coc-ater program tt,
highlight this UinItaon, azd the user must consequently be aware that the limitwlon
exist.

2-I
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Figure 2.3 Buic I'amwcm Describing the. Goomectiml In ronansips Beween an opca
Com aan Link and a Receiver
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qe-tion 2 - Data-Base Raview and Model Forz-ulation
Subsection C - Modeling the Detection IPv"cess
1. _1GNAL-TO-N..OISE MTZO USDIG DMECT DE-nC7,CN
(U) A signal-4o-noise reationship is developed in tes, of detecdon sy~stem nE, with wrar.-
ables to account for the effects of szodulaslon.

*(U) Given an optical detector, Eta sensitivity must be esabi.Lahed Lu terms of the
signal power available and the woise power present. This discussion ondflneo the
equation~s and associated paraumeters being used for calculating the rati of signal plus
woise to woise ((US )N for diect-detection receivers. 7he approach presented is
in suibstantial agreement with those of Anderson and Nlc~ur=7 C 2-37, Pratt [2-11, and
Xeichior, flsher, and Arams (2-41.
(V) The sigual ower generated across a load rsistor ErL at th u ot a otic-a*
detector subsystem due to incident optical power* P is givezrby

S - (G nq XAc)2W7 , (2-.
where % is the wavelength of the optical. signal, q Is the electronic charge, h Is Ptilac's
constant, c is the speed of light, -n Is the qua= ef~ciency of the photodetector a: the
speciffed wavelength, and G is its gain. The teza Lu parenthesis is simplyr the detector
responsivity, usual1y given in units of amperes ;e= watt. The gain G Is unity for many
photodetectors of intftrest, but it is Included to account for the use of avalanche photo-
diodes or phoemzissive devices such as photomnultipllers.
(U) The average noise power X. associated with the photodetection process arises fromo
four basic sources. That is,

N - Xs~ 4dt(-~

where N5 an N.,b are signal-Senerated and backgpound-generated shot (or generatica-
recominnation) noise components respectlvely, ','d !s detector dark-curren shot noise,
and %,t is thermal noise in the detector-preamplifer system. We emphasize inclusion
of preamtplifter noise since Lu some Instances a detection system may be pre2mplL:1er-
woise limiIted, anm noise ealcubations must account for total system noise and not only

those sources arising fromn the photodetector ItseIl
()The exteraly induced woise components '.If and ';b are given by

r2 - G q2XAc)p 5 F3RL 28
Ns~b 2.Sb

where P, refers to either signal power P. averaged over a period 1/13 or backgr-rnnd
power N.- F Is an excess noise factor accounting for noise inclaed by the mechanir-m
providing the gain G; and B is the electrical bandwidth of the detection system. "Me

bmc~rond owe 9bmay arise from re-flected. or scantered solar radiation from the
terrain. sky, clouds, or other background within the detectr 5eld of view, or it may
arise from blackbody emissions of the 300 M sixrcundings, depending on the optical
wavelength. The excess-ootse factor F is unity for photodetectors with unIty gain.

2-10 UNCLASSIFIED



()Tnteral system noise due to dark current id is Oven by

.1d = 2qGrB"" (2-9)

Dark current is due to detecor biasing in some instances, and in somue instances it
is caused by thermal radiation incident on the phowdetecwar from deector enclosure
surtames (usually mi-fzed by cryoenic cooling). Thermual (Johnson) Doise is
given by

Nt = 4kT3 (2-10)

where k is Bol~ann's coostn± and T the effective detection-systezu temperamre.
(M) in lieu of specifying deecn== system dark current, load resistance, and effecrive
temnperae (preampliflr and load temperamre may differ from9 detecor temuerature)
it is =are expedient to specify system internal noise charmawteistics in tarms of noise-
equivalent power (NMP), a =easurzble quangty frequently specified by vendors which

* ~~~~~~ lup h os hrceitcs of the detector-preazapliffer ccimation Lno a single
4 mzmber. The NEP is the optical power necessary to provide a signul-to-inermal-aoise

* ratio of unity7 mormalized to a . H z bandwidth. That is,

2 2
2qd G 2 ? 4 +4kT

Solving for NEP,

'SEP -('no/ rQ)X) [2qidF +4kT (2-M2

(T-) NWP as it is sometizes specified nmay also account for backg-ound noise. How-
ever, since background noise at visible amd near-Intrared wavelengths is a variable
depending on 1eld of view, tize of day, lbackground type, and other bighly varying
conditions, such a parasneter is LmPosaLble to genericafly specify. Consequently, the
NEP values used In evaluating a systam should be system paramueters, assuzed
xneasured with ths detector apetre covered;, that is, wtthout background. Such an

* assumption leads to n dfffaulty ezcept with regard to photoconductive detectors, whose
sensitivity is dependent upon the background level. Bowever, these detectors are only

* used at infared wavelengths where tbe highly varying solar comneut Is negligible.
-Another tmporan aspect of the systm NEP of (2-1-9) is its dependence on load

resistance, anther vuzlable sibj ect to design variations. However, for the
modes of intrest consiLderation can be restmcted to two cases: for link detection the
load w1M be large, so that thermoal noise is -- I' and dark cur-.9= dozznates; and for
si demdulation and mnessage , . smal load is generally reqired because
of EC Urs - constant Uita±tions on bandwidth, so that thermnal woise wll be do-int,
usuaLly requiring a detector with high gaiz G to overcomze Lt. These cases correspond
to the nar-ow-band and wide-hand cases respectively, discussed in Section S.

. ) Using (2 -4) - (2-10) and (2-12), an overall signal-to-noise raztn (SNZ can be
speciled in the relatively simple form

2-11



S P2

brm which (S % T)/N can be speied, i.e.,

+ 1 (2-14)

The iipeciftcation of the oacal. power P in (2-1.3) depends on whetber link detec-
to-acise ratio is the sigal quantity of ifteret 4 and P corr-spauLds to the average cu'±cal
power duin the peelod I/B repardess mf rho tmodulaion, type. Thus P - Ps, and a very
marrow bandwidth can be asaued for tbA. . e receivei. About 0. 1 H?. Ls
technially feasible, tbco reqixing aprox~ately 1.0 sec for integration. TOr palsed.
syst== Ps is given by the product of the peak power and the pulse dty factor.

When m=a-.- is allenpted, the bamdwidth mus be widened, and the
type of zmdlat~om and the depth of mnoduladion :mmst be taken i~o accou=t To accow nt
for these raiables a modulaxion !actor X is introduced: Ie.= P * MP.

(2hcA7 X) FB (P83 .P b) P

This is the general fo= used in the coutr mzodel for d.recdon detection.
(Uj) NumtnerIcal values for Xt are dependent on the specic modulation forinats con-
sidered. They have not yet been dete=4nod for a.U cases of interest. However,
Section 5 discusses several cases asizing qunu-Uzited detection peomance
(implying heterodyne detection, a~s discussed in the mme topic).

2-1.2 (2-12 Blania
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Section 2 - Date-Base Raqtew and XLodel Formulation
Subsecdon C - Mwode±ng the Detection Proces3
2. SIGNAL-TO-IOT5E RATIO USLN0 HETIMOD2VE MEZTCON
(C) Hetevody. detection of an. opdcaL m*=l can provide quanun-lizited sezueiLvt.

(U) Coherent opicl detection. or lieterodynie detecdon, difers L-om direct opt1=l
detecton In that a coherent lzzer reference beazm is provided at the receiver to Li-
lumiute the pboodetecur as shown in 7Fiure 2-4, so that signal frequiency and phase
1nfoallon Is retaned. Even If f&eqmency or phase modulazion is act emnplyed, as
of a beterodyne receiver can greatly reduce the effective system: noise level.
(U) Consider a z~~a to be incident on the detector ot power P5 a <(AA,,"> where A.
Is a coherent, complem wavebrmgiven by

A13 -T ULM 4 +j (t). 2.)

17ther the wave amuplitade U, the optical ftvqiuency w, or the phase o mazy be the
va=ying signal componect depend~ on the tmoduludon 'or-.=t of the trams~ite.
'The ttme average incated for P. is over an optical period which Is short in coc=-
paison to the reciprocal of the sipal bandwidth 30 U~ a reference ignal, or local
oscillator ignaL, P2o of complex aznPlude

A0 T- U0  p SWt + J,6) (2-17)

where PL, - <AOAO*> is mixced with the sg~aI bea= so that the waveft--cts are par-
a.Iil, the resultint detecor =:rreat is given by

(nq Vbm) <(A 0 4+ Ad) (A0 + -I)*>

(1q~c 13,+ 2Vo0U co0(Wot - t 6 6( (2-0)]

whene we have assuzmed umit7 detecor pin. t! a narrow-baud 1 t ±er centered at
the 4Kme 7 w- -w A'S inserted behind the detecor o remoethe uodlaed
sipal elements, the lustaouu xgnal current at the 7 out~u: winl be

is - (itqx./c) 2ZU07 coe(A&,t + t- %.(-9

2 0

Sm <1 ) RL (-KX/c) P to-2P

where the d~me average Is now over the 7 wave period.

(U) The wise power Is esseuttally the saxne as for di-.ect deteefon, ewept thae
ade"NoWa sbt moise@ Is generated by zhe loca.-osclaor signal. Thus

2-14 UNCLASSIFUF
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[siZ -,q t( %/c) (P3 ~Pb P ZO)k4qdRL k1T13J 2-2

where B= is the 1 bandwidth.

Teratio of s to noise in e " chacnel is thereie

22 ( 71 q/bc) P o.PSR.
E(2 ., F:() n.2 .,- (P : .,,. P, 4 +d-& '" B17

', (nk/hcnr,)P
- ' (2-2Z

Lo [ P z z)s + P b + (='7q%) (d + 2k/"- )l

As the local-oscfllator power Plo Ls increased, the noise conibu on in the second
term of the denominaor becomes nex? 2d'ale, and the SN approaches the quanmmn UI,

P (2-22)

T"e ITEP for this case can be deermied by setig the I equal to n ity and
solving for Ps.
(U) The amity to achieve such quaW=-inited sensittvity is posgLhle only if the
local-oscdfator power requ.red does oat cause de-ectr damage or nonlinear operaton.
Such perfrmanoe has been demonsmated in practcal wideband systms operatng az
10.6 m with less than I mW of local-oscilazor power. Quantm-iUmited sensitvity
is therefore prawcal and will be assmed for the hetrodye-detecton case.
(U) A I1m±Lon on heterodyne .applicabilty results fro the need for phase-matching
of the reference beam to that of the si=ul beam, as discussed in Secton S. rn practice
manting can be achieved only over a detecr ra on the order of 0. 7 d where

d - 1.22 Xf/O (2-24)

is the dia-eter of the Air7 disc for a sy s with effectve entranca aperuxre diamster
Ds and focal Length f. Even then a =dsmamh loss occu, which under optmiu oond-
eons leads t a Sa reduction of Lm= 0.7, so that

S 17X 2- 5

Moreover, since the detector's leld of view is given by

7 "a /f 2 ' (2-26)

then

•subxmntlW Litiaon on deecor eld of view.
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(1) A second detecton, Ls eqmired to conver the 1 sig,=l to z .zale video asgoaL.
The ffn.L video ouzu: M depends on the type of =odmL-Wxn, the type of second
detmctan, and the ma ntzoe of the inp u ' M For dezmodul;€%n, the best video

M can be obained usig lines video detecton, In which case, asuzang a reasom..y
lSxqm 17 SmQ [2-1i,

- a 2 3 (2-2S)

if the IT bandwidth s twice the infornzion bandwidth 3. (the optm= comdl~n) then

A . (2-29)

where we have reinoduced the moduLalon f ac r X to account for various modula n
types. This form is assumed in the computr model for beerodyne detetion.
(U) For detection only, sqare-law video deteco-on and video intepaon of a chopped

* optcal inut are appropriate when the 7 input SUR Is less than =zt7. Ths is the case
for the DLcke radomer, which Ls disc'ussed Ln Section 5. Beconse of the -merous
video detection schemes possible, however, it is unrealisic to consider all possible
cases.

r 1.6 1

Fig= 2-4. A TypiaLI RAecay Coni on for Coheent Hetodyne Opdcal
Daeao. The opdocai detecr ua is linmied -a leas thain a diffzanmmed
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Section 2 -Dauz-Base Review and Xodel FormuiaZion
Subsection C - -Model'~ the Detection Process
3. BACKGROULM NCISE
(U) A backround =odel is developed which accounts for both solaxr and bLackcbody backWro'm.d
comapoects and is adatble to var7ing skcy conditions.

(U) Contibudons to detecor hackg~cund woise azise pimar.ly fr= two sources:
scattered or re~ected solr raton du~g dayliht *oiz, and earth blmnkbody ridi-

aeon t ~l1~mes.Zz-.bshing blackbody background radial-on is gnrfys4t
!o-tvad, whereas solar radlooa is ccomplIcaed by the selective absorp-don e~tEa- .2f
the azzosmphere and of rerecdag surfaces.
(U) Natuml radiation eziited !ro= dlffnie background objects in thernal equIbrium
aa tezoeriture T is speciled In ter= of the spectral raiance NX of the source,

where [2-51

-(NX) =2Y) A L 5hAc)l (2-30p

e () Is the spectral exalsaivity' of the souzc-e. 2f eis m~t7 for ani wavelengths, then
the source Is termed a blaclcbody. A plot of N% versus wavelenth Is shown In Fig-
Ure 2-5 for a 2930 IC blackbody. A comzparison with measured vauzes is izade at the
end of this discussion, showing that the values for 'NX given bv, Figure 2-5 provide an
accurate model for mzost natural sources. MTis is tro.. because imost mnaterials bave
ezoissivitles mear uty in the 1nfrared region where the blackbody radiance peaks, as
indicated b7 the data of Table 2-1 [2-61.

(U) The resulinng background =war Pbb Incident on the rciver phoodetecor dut
to blackbhody radiation Is given b7

P bb Ab"-"; (2-31)

where Ab Is the area of the blackbod7 source at a rag bsubtended by the surveil-
lance receiver solid angalar field of view V

b b 2L0  
(2-32)

which is the solid azngle into which the source radiallon must propagate to be seen bF
the detecor ani ,%X is the optical inter bandwidth of the receiver. Since the blacL..
body source Sirs the receiver iftaid of view,

sota A b2 a s (2-33)

Ub -- . (2-34)

wicIs tndapendent of sourne rans.
*The component of solar ruldon cont:i.budzg to background noise must be re-

ifected or scatred into the detector fie ld of view tbarning the =in1keml chance that
the sun is directly in he lifed of view, a geometr7 to be avoided.
Aurmug the ,receiver is lookingeec at the --ansim1ttr, or at :he
link receiver, the source areea .Ab which would be reC.ecuzg rairlon 'would pTobakly
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be the side of a building, a backsmp, or perhaps mamrl tarru=. If the receiver
weam.re s elsemne aong t path, it stUl would probably Intercept the samefeszmms, or it ynsd inercept the skybakrud
(U) Consider tie case where the receiver field of view intercep & building,
slown in Figure 2-6. The field of view defines t area Ab from which solar radia-
t=, a-maed to emanate at = an ge 8sol, Ls refected. The t solar power In-
cidnt =, Ab t a wavelength r~ge a .Xis gie by

Ptd EE.bA~"8O (2-35)

where Ef is the spectral irrad ce m he san.
(T) A plot of HN as a mfc--a of wavelength is shown in 'Fgure 2-7 for the san az
zenth [2-7j. The solar spectral tradiace is closely approxated by a blackbody
source at 59000 K. As seen in Figure 2-7, however, aospheric all---om effects
Sther reduce H and it is highly srucut d de to srong molecular absorpton bands.

41 Gat [2-71 provides tabulaed daz for EX at sea level asuzzin a solar zemith angle
a 9:)l of 600 (air mass; 2) a m= inmal condiiou..
(U) The radiance Nsol wihin i I from the area Ab che to the reflected su1i,
assutnig a dcfusel7 re.ecti ng su ace of reflectce P, is .ven by

N go, - Pinc/17A4b (2-36)

so that the totl solar power on the surveillance receiver is

Psol' -nN SorA s -(237

Cozabingu (2-35) - (2-3'?),

P So 'sineBo a As15A 1/. (2-38)

(U) 'ith reference to Figures 2-5 and 2-7, the solar componenz is clearly dominat
in the visible and near-Infrared regions of the snec-t.m, whereas the blackbody radia-
ti= dozmates in the fzr-mirzred ragion. Some measured values (2-8] are presenzed
in Figures 2-8 t hrah 2-1., and coz.pariso with Figmre 2-6 sbow, consstently good
agreemet for the blackbody comzponen. It is dIflccLt to co mpare the measured re-
flectd solar cozaonat of these figures wih theory because the measuomems ar
provided prizm.rly in the region between .5 p and 3. 0 zm, where both mate-al
rulecmms and .anospheric absorptmc are both higly varying with wavelength.
Howevr, they are in reasonable agreezme assing a. 59000 K blackody model for
the san.
(U) zflmro 2-15 also indicates a comparabl solar spectral radiance componen
from the sky to that fr= terresrial sources, althouzh a region around 10 ;m can be
sIpm±-cm:l7 lower dep ndng on taezerare and cloud conditions --&, p. 991.
(U) The boW bacgromd power Pb is give by the s of the blackbody and solar
componets,

Pb = Pbb +'Pso" (2-39)
-:.owever, as snown in FTgure 2-10, the solar com.oment is absent at mght, as expected,
whereas the blackbody componen: is always preset. A backZrmd model should there-
fare have provisons .or speciz y.tg dayt me or miFgme conditions. Moreover,
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(M) tI erdnerm comditocs such as an overcast sk7 may exist, but suich a guearsi~zz-
tumn roqmzwe th" sky rad~a~e be considered rather tha dLrect solar LzmadLance. This
requirms an Ltemton over that portion of the siy irraiating Ab, a rather complex
way to deter ae the rex.ected, -i==ce. However, tdo add~tona1 aconr.acy- ca be
gned by wsing sch am avproach. Table 2-2 C2-91 provides the relzA.ve zmaggnides

of sce il"niac Under dffert sky conditions. Scng Of Hx by these !2zwrS
sbould be adequate for a reasonable charm&terizartom of solar aoise under 7arlous
1izeete condi~ons.

I 1 9

Fu~m2.5 Soe~ziR-,4-nc- 'o a 930KMw-baa
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TALZ 2-1. (U )Z.E=- CTANCE (p) A.-Mf Z2)SIV-T (c) OF COMMON
T[MAL FEAT= FOR VAMOMS M-z? _t.D BAMS [2-61 (M

0. 7-1. 0 am 1. 8-2. 7Lm 3-6 m 8-13 ,.m

Green Mountain Laurel p-0.4 4  ,0.84 Ei,0.90 0.92
Young Willow Leaf (dry, top) 0.46 0.82 0.94 0.96
Holly Leaf idry, top: 0.44 0.72 0.90 0.90
Holly Leaf idry, bottom) 0.42 0.64 0.86 0.94
Pressed Dormant Maple Leaf dry, top) 0.53 0.58 0.87 0.92

Green LearWinter Color-Oak Leaf tdry, top) 0.43 0.67 0.90 0.92
Green Coniferous Twigs (Jack Pine 0.30 0.86 0.96 0.97
Grass-Meadow Fescue tdry) 0.41 0.62 0.82 0.88
Sand - Hainarnanu Silt Loam - Hawaii 0.15 0.82 0.84 0.94
Sand-Barnes Fine Silt Loam-So. Dakota 0.21 0.58 0.78 0.93

Sand-Gooah Fine Silt Loam-Oregon 0.39 0.54 0.80 0.98
Sand - Vereinzing-AInca 0.43 0.56 0.82 0.94
Sand-Maury Silt Loam-Tennessee 0.43 0.56 0.74 0.95
Sand "-Dublin Clay Loam-California 0.42 0.54 0.88 0.97
Sand-Pullman Loam-,New Mexico 0.37 0.62 0.78 0.93

Sand- Grady Silt Loam- Georgia 0.11 0.58 0.85 0.94
Sand-Colts Neck Loam-New Jersey 0.2S 0.67 0.90 0.94
Sand- Mesita Negra- lower test site 0.38 0.70 0.75 0.92
Bark- Northern Red Oak 0.23 0.78 0.90 0.96
Bark-Northern American Jacik Pi.ne 0.18 0.69 0.88 0.97
Bark - Colorado Spruce 0.22 0.75 0.87 0.94
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SOLAA IMMACIATION CLJRVt OUTS101gATUOa5DwCXt

I s'~ SOL.AR IRMACIATIOI4 ClJRV% AT SEA "-VCL
So

Ifcumve o ~a rn.cxoov AT soof

"20 002 042.8=

Fig=r 2-7. SoLar Spo.-a krdiance wzch Sun at Zessizc Shadegd aMa indiwe aoaorpoucn, at mea
leveL due. cc the amchaoc cons&==~ shaown [2-11.
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TA43LZ 2-2. APPERCZITE NATMAL SC~ NZLUXDAXCE FROM TEE
SEY UNI VARIOUS CONflITINS [2-91

-runf dayuht- 1-2 z x

ovexast day13

Very- dark day 1)

10

Qazrr moonL 10..2

4iStaz3.!h 10-3

OveroasC staxli1 10-4

* *Not dect smwli
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Se=*4on 2 - Daza-aa e view and Model :5oruia~on
Subseco-on, D - Scattar-in; Mechanisms
:1. OVERv*XW
(C) In this seedou. te major mecanisms for scatteeing raditon are modeled, and daza for
dse-rmni=w their si~ffycance is identiled and discussed.

The total signal power PS available to an off-axIs receiver attepzng to
r'adation from an optical communications link may arise from four major sources.
They include transmitter sidelobes, transmitter window scastr, atzospheic scat ir,
and baclcscater !:-the receiver, backston, or any foliage, serc~ze, or orber objec:
along the beam path, including the ground itseli. Denoting the scattered power available
from the --wausmitter, azmosphere, and receiver as P*P Pa, and Pr resoecr_'Vely then

Ps - t a - Pr. (2-40)

Ctber, less3 obVIoUS sources may also be present, bitt they are diffcult to model in
gener~al, and means for dealIng with such ex=,Azeous souarces; must be developed as
they arise or are suspeced. Some modeling tecnidquas assuming virmal sources V~
discussed.

-Generally, all dxe. major radiation sources cannot be collected slInultanec. t7
because of the presuznably Uzmited deld of view oi the receiver. A geto.ral
model shatnid theielome specify the source power available as a functi i of
receiver deld of view osh and polmtng direction. The three power souces have there-
fore been specified in termns of these parameters. To ide~dfy the most exteme case,

* however, the total power avallable from anl three sources at a #ven point can be cal-
culated by asuming the field of view osh adequately wide to encompass the wbole link.
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S~c~on 2 - Daz-Base Review and Model Formuls~on
Subsection D - scce-n xMchanisas

L. TP.AC1WTZ SCATM-SELOBES

(u) Aer~re sidelobe radiaton is completely specitable in terms of ew.t apnre dlaneer
ad catical waveenth for d~thictln beyocd one devee.

(a) If a coherent, =for pluse wave is trnited tbu a trnzmte ape~
of diazaeter Dt, the resulting readlaft intensity dst~_bon Ls given by the ALry patrn

13 (0) aIst(0) [ ~) 2 (2-41)

where J1 is the dst-arder Bessel fncon. A ;tot of the Airy patrn is shown in
T!gure 2-16. This ditr~so also holds if the apete is a lens or paraboLic =irr
used to colliate a point source (2-111. Mhe raiant imensit7 on a.:.s, ts(0), is given
by [2-10, p. 3861

t(O~ (,2 2 (-2

based on the requirement that the total power P0 emitd from the t-asnibero
conserved.
(U) The sidelobes of the U4.ry pattern shown La 7.1gure 2-15 are aoted to ripidly di -
creme0 in umpLIde with increasing T., where x = -rDt6 A. For the mazjority of cases
of intrest we winl be oncermued only with lage values of t. For examaple, wfth
Dt - 10-2m, zn - 10-im. then for a 10, x)> 500. An asymt~c apra~aon to
J1i(x) for large x 13 thas usual1y reasonable. 7rm Olver [2-121,

J. (2 /2 c0s (x - 3,-.4) (2-43)

for large ,L Slncexis a aidly vr ng funct:on of 3._the sinusidal var.ations will
average ant., so that we may replace £Ji (x)12 by (J-1 =()I its average value, and

fJ 1 ~) 2 - /-z.(2-44!,

Cmbzng (2-41), (2-4), =d (2-44)

MU) The validIty of r.-43) for prictical systemsz must be quesdoned since unifrm
piano waves are rarely achieved in practce, and various apermtue shapes and obsc=ua-
lows are often used. Usc, muslan rather :ban uniform beamn proffes and amac-d
rather than point so cs are co~only encountered. However, an analysis of am-ca-
lations made *zy " Wsen (2-1.11 indicates :bat var-latons due to gaussian bex= prm~lsu
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~U) and ce=%I obscur.Loc are only exerienced 'my ear-La. sidelobes. zE-eme
z1Ldelobes (8 > 10) approach the same asMPWdc 1izmit. A simflar esui occu= if
eXtMnred soUrces, either coherent or inc sremc are considered.
TU) TbA major shOrtcOiM± of (2-45) is e~e&ienced wken very long lnk paths are
considered, such as for 2, nmtto-roond lik, where mduies of 8 less itan, one
degree uust be analyzed. The a== An7y soiucon may, then be a;,,, =ate.
X~) Another manor problem with (24)is that it pre~cts sidelobe at goo frm the
"Mersz. This reumits because of the meglet of the so-called obliqityr factor (2-111

Lm the derivation of the Uiry patter Mhe zigoran equaton frmwbich (2-41 Is de-
r-vedcnW a mult1Pict1.ve fa~r cos 8, the obliqafty factor, which is negiected.
Retodcing it into (2-45) in order to avoid the physically =malzable condij n of

* diffracton uidelobes x: 900,

Dt e

Wbereas the vaziatwn is clearly aegilgfble exoept at Large angles, th eutn
distributon is =ore plausible and imtim.vely sas.sfy1ng.

Fgtu 2-16. The AirY Puten, or Fmunhafua Diffbacion
P~mfer a C41a kparuma The asvm~oC1C aveuabe

for Iarp x is shown docted.
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:-eccon 2 - Dazz Base Review amd Model FomuizZon
Subsection D - Scater-f Mechansms

3. TR NIfl'TSVIR SCATTE= - ?CRT SCATTER

1"z ccmplezft7 of port scatein meebanims suggres that an. emplzical rather than an arzUyd-
cal approach be kn

Part s ar result from zzimmcooic suitace irregularities, bma optical
material tm;erffectdoms, and dust, =oisue, and other codmImacs on and writhin the
optical sysm. A -meral acslytica approach to escmblishing the a&o== of madia=
intnsity scatred !Imm sys ms due to the various scattring so00205 Ls complicated
by the hact daet the scatred raiation may then be reL-acted or reilected by the fo~low-
icg optics. Therefore, mot only does tbe disrib~in df scttring canzes have to be
specified, bt also cozmplex oif-a.s miy =acn must be perforined. Measured datz
on many srzWms and optical -a riai have been compiled, however, azd an emn-
cal rather than analytical anproach appears to be more tractable.

Rega-dless of bow the daza are derived, the scattering prole wM~ be exprusscl.
in terms of a =r=-] 1i-ad port scaternig di tniuton fmcdoz a, (9), defined Such thr;

ObP(e) - Tp (0)/Po coosa (2- 4 T~)

where I p(8) is the mneasured radiant iWtensity scatred it an aznle 9 froza the trats-
mnitr e~t anexture when it is trmmsnittz power Po. T 'hs is consimat with degni-

tions used by Nlcademus- [2-141.
It is assomed here that scattering Ls rmdly syinet:i4csl, depending only on e.

which may mot always be a valid issuznpodon. Real-world systes :may also contin
specular comnponents. Vartations can be L~trduced as neess=7 to represent specific
cases by appropriately selecting the function c()

*Us of Mlcodemusl defflmn which includes the !zctor cos 9. 13 womewbst arbtWazy
for ce arlzing port sar. Thze purpose oi includng the factor cos 9 scearer
in the cart v of surface re-ons. as -2icussed ahbead, in which case a reflectance
d~te-bmon fluacmdo Ls dedned sia7rfv to~ 4 so that its value winl equia a com-
soce i the surdace is perffectly d±2-se. zr lazaber-.an. a common assmp.on for
naamril faamrss. op Is silzrly de~lmd here for the sake of conssezm-.
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Secdon 2 - Dam-Ease Ravlew and ModeL Formulazioa
Su section D - Scatring Mechnnmsms

4. M--U SUTT.T" SCATTE= - TOTIAL POWR CCLLECTA3LZ

~)Ths touL power ava~iable to a, - - -0o the '== t~ iS theb 31U Ai te
aienuated sideiobe and port-sca~er ==penent scattered within the receiver leid
of view.

nThe couosft= sidelotes and window scatr comprise the toW. scattred
power available fr~the nsii rI orider to detect it the , * --. receiver
fid of view taust =.to cepC the transmitter window. We shal 13diregard the =.rrow
traus±on region and ass~e that the whole window either can or cannot 'me seen. Wlx
reference to Figure 2-17 we shall as==e that it can be setin if and only if 9.t - os/

41 s 4 o sh/2. If this countio, is =et, then The total scattered tzisn:Littr power
Pt. incideal on the decor will 'be

4t P(81) - [Is (01) 4-T 81ep(-k (2-48)

where IL i the range from the fsn±=er to the receiver,

a -z + a (2-49)

is the ZkOSpheriC extictlon coeffcienz at the opezng wavelength dae to absorudon
(aa) and sc2 ring (a.) by as=hee-c cOosdte=, and

Z3 =A /'&. 2(2-50)

which deffnes that solid angular portion of radiation scattered from the -,=smjtter
1mw the receiver. Combining (2-46)-(2-48) and (2-50)

Pt~e~u{ t~D~irG~ 3 4o~(~)1cosSexp-aR)A/Rt

otherwise.

(U) 'We note that, in general, the not chmnge dP in oudcai power due to af-aspheric
citnct~m over an eLe~wts pt length dr i

CI - -aPdr. (2-52)

T! a Is coussant over the path length of L~erest. in this case Rt, then the si~n1e
expenectal form for the e~lucton loss, as Ictriced in (2-48), bolds. However,
if a is nat constUt over the path length, then we =Sr nake th~e -SeLacenm
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ew (-Cct) exp a(.cr(2-53)

The .~~~on oefi~.e isinpe==l~ a function of both the ax~ospherio suve

and the link aJl~fdo. The change (2-53) must be Invoked whenever the spsai vuaiaton
is s1=1f'oant. The most obvious case whbere the subsiuton wMl be waeded is for the
saxal~ea-t-Sround geome7. AU.1 other par1~eters a dependent only on the ms
mite or receiver czaracteristics or their reiz~ve positions and a1-+des.
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Section 2- Deta-3ase Review and Mtodel TOr=UIsi=o
Suhsecdon D) - 5c3 rnng Mdechasisms

5. ~SCkTTMZR - NT DATA
(XU) Port sc=CbW.g fr-om practical Otcal sysams generAlly 7aees exponeriaily with of-axsi
angie. with vza 1loUs due to differences in desin and decree of cleanline ss. Inzral-wall
saerng Can result in strang soecmiar gllnts.

(U) As noted. It is very dicult to develop a generaI Ied analytical approach for
describlM por,. scatr !ro= =n outcal t-.ns:=itr because of the wide vex-'sty of
geometries and p '-o ilvolved. Figzze 2-18 mu2st2Bss the comalexity Of such
an approach. As:Ing, for example, a ligb-emi~ng diode 0r laser doade as a saoucs
in a rerICdVe by 3m, the radiation mnust be collected and Locused by a Ies=. and the
sca Vng proiie will be dependent on the smazl patan of lisc: incident on the lens.
The lens will scmtter lib a% bach sufaces and fro 1=1k =perfec"-ous. Moreover, a
nV=H gIgs a= of doubly reflected lig~z vwllbe refocused towards a short seco id-
aryfocal point at a disance of zboizt (h-1)(2z)-If, where f is the leas foca l emth and
aits index of refaction. Li!: may also be scatred off ler~.l walls of the sstm.

(C) A more so hsdcazed sysm. =it use a coil'- d laser and a beamz axander,
also shown in FL;=e 2-18 assu:=ig rexlec".ve 01:t-C3. Th'cuh such a design approach
is iaherendy cleaner, strac=Les such as the web recuaL-ec to hold the secondary
mirror w l inroduce an additonal scsneri.g component which Ls noosymme~ical and

diaatto model pedictlvel7.
(C) Several Inesiations have ex2=iued the sc lering proaperties; of optical znater-
ials. Scheele F2-151 has aer.*ormed so3 ±ring dsltzibulon, =sasnzemeus on =erous
transpaent opilcal :naterz.als (Eats) useful at both visible and idrazed wavelengTbs.
h portion of lais results wbich are represetie are shown in FIgures 2-19, 2-20,
and 2- 21 for varl-ous optical materials at 0. 633 ;&= 1. 06 Anm, and 1 0.6 8mL. He ala.
lias =ade measnrnmei:s at 3. 39 .&m. Lainero and M~uppelber; (2-161 hav~e wwanneq
the scattering properd.es of mfrrors at visible wavelengths. Some of their results are
also shown in Fgr 2-L9. A .r rpMort provides measured data
f'or & Zez~anii= a=-reflecdon coated optical flat irraftvzd at 10. 6,u=. a show
in Ftgure 2-21. Carae: and Lindquist t2-181 also =ade scatering meaurmet a%
L.06 uza for varidous ma~ials, and their results fell wittim the envelopes shown in
F~gur-e 2-20. They also vari.ed the source pa axlzalloa in their messurems and
observed only minor variatons. ?or each of the progam cited, the optical bes;m
was incident normal to the samople.
(C) An2 of these resuits show a basic 8-2 aruIar dependence. Also, Scheele zoes.
tht s alg generally decreases with increasing opdcsl wavelemgth, showing appo-
mately a %-2 wavelength dependence. Mhe bufl so ring propertes of a transpaxea-t
maturil can be ascertained by, acmaxig the scuter4.1 Pruperd.es of the same ma.-r-
jal but different thickcnesses such as those shown iz Tip"r 2-20 for MT..N.
(P Lainert and 1lauppelberg also maemeasuremne= an lenses at 0. 633 junz, the
esults of which are shown in Flgure 2-22. Aguin the cnrvres are roughly proporilonaL.

to 0-2 when double reflection Ls suppressed. The doubly reilected comparters tands to
increase scatbning a= largZer angles. rt can be substsayJaly suppressed using mnd-
reflection (ARt) coadngs, but some ccangs tend o icrease sax-Oce scsaterizg, espec-
ially aftr cleasig 1,2-1.81.
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a. ATMiSP=C SCAT~Z-. - TBECMTICAL Y1CnlZLM
M)T"Aa ;awer '~a! '71Z at=089be-o ScterM -1q I i pazer be C2aemated m5 j ez
ical f~erou!= '. a cioxed-foci sproxmazon. is =abl~e in t!0 maIot7 od =M~eg oi i=aet

(U) The major pagz-e=ez used to cbhric=-ize a~os~rhe4c sou~m-'g is the atos-
Pheri-c scsbI±r. cOe~cie= cts' When an opt-4a1 be== passes t±zvugs a scaetez
mcdio the me pawer scatte-ed cat of the beam is prc omca to *@ nmcide~ power
?i zad to tb a~ tegh '=e d=*c=1 amoserilc scatterIn loss 0 5 C Lm lerzt±.
d- !s given by

dP s 0 u P id-.234

PC At~osuhex-±c scmtmri- Is fur~er aba-2 rilzsd by the souat a .s-'no
*function F~a), wich descries tto reave imwmvi±y of sc=ared mcdn as a do

of off-axis anlife. Tf a tOz1 power Psc !s sca±mred trm am =ht-.a- volie elemea
and Tqc(e) is the mmml i~esit scattered a% t!o a=7 ,te . c ~ zi

bi4n icou Is dedmed as ea iatesatm.g sel

u~ (2-585)Sc S

*W~r d:9e ±0 teq-.&±om 13 over a sphere, it follows ~

-~r F- dV2 I.

Tte Sc2Tbwig aszribnon !aaction used hiere is *Ierefore mo~nalized.
Now cousder the pgeme of ?Flz-r 2-25. Zsm (2-34) and (2-55), toe =c

oi rua=on oriatcCg- them tr ~sm ar and so~rdfo the elememu.LvclI~m
dV'- z' dy' dz' immthe receiver eid oi iew s givemb-

whene PL ) Is the amIrpower imcident on dV, It, is t±0 vector tm tt
tr~s~ifarto dv', and 91' !s the Sc2=eaj; angla fr o V' int the

recemver. Nicce that tbe vco1=e elemem d71 of 7~ue2-25, and cooseque=Ly R', d'
Rj'1, and e1' are =a ecessax-7 in the pLae of the pam. Tepwr inci-ea:on
dV' is given by

2-SOA-.
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(C)

whre d c2'= dy'/(R')2 . Tile a~os!=ericafly scatered power incident on the
receiver detector from dr' is

da = dl5  a~z) c dR As/(RV2  (2_60)

Combining (2-58), (2-69), and (2-60) an m gni

pan Af dVT (O. p(91) as Q:eTp /(EV?) (-6

Lwhere V is the volume oi intersectlon of the receiver Aded of view and
the =-AnSMitr beam.
,vJ) Aside from secondary scattering effect, (2-61) is esse~dafy eacot assuing

a'RjccO so that 9i can be considered cam== over thereeeraz ,
a concBfion which we asme is always mnet. For the general case, a solution reqvfr ---

oerical Inegrieen. Such an approach tsa ecessary ianafly only, for very7 long, juks
where the beamz dtametr can become qcdto Large, or for vertical Unkcs where large
rartations of a and as with &Ltde are experencefd. Space-to-Srommd links, for
enmple, fit both oondUons and m=s be solved -- eicaly. However, (2-61) may
'!e expressed in closed form If several sizpifying assuma.ons are made. These as-
s==;ons are azolicable to te large malorlity of ccumadonal LaLser cozzn=.cadon
linis, as ffft-Aftd in F!gmze 2-26.
(V) 'The firstzpif~yLg coundt' n La that a and as be reasonably unform over the
reiOn so that the e~Uenmm"a ezcon losses can be expressed in closed form.
Secndy, if the beamapread and lick rsnge are stdfciend~y sman. then R? ai z'ad.

Rt tbvM41= dV'. Fluafly, If the bea= is fzfrly m-4foz= and narrower than the
receiver's fied of view, then

Using these dme. simpLifylng assumptons and the reizonships

z =: -X /t=ua (2-43)

and

dz 2x csc 29~ de 'A dO.,'Sin 9., (2-64)
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~a (o~~/X~ d 1 F()ex zs ex x (cc$ 4.-1)/sin

If the Ia1d of view Os is sutfictly stafl that ters in the IturAnd oi (2-a5),
especially F(Oi). does mOt vary apreciably, the-n

P e P0 A5s 5- 9,3' 1)/xs] em t e.] [ox(aosaf)/sin 9..(-8

For Larger "'Old Of view, ds may be subd±iided into elemet for wbich (2-66) hoidi
an th powe a 4aab* from each Cement s= O to obal th:e to~.l power* avullabk.

MU) T~bmkenc etfaec of the =%osphere bave been considered and aoear to be
sigm~lca& Only when onase coherence is GSSefyr! 21 the heterodyne case) or for the-
spae-t Vmd scenario. T7picai begm spreading dme to tmbulence, even consider-
ing ground-level pats in very =1hnlent conons, i of the order of 100g~r94. Since
typical be=m spreads for ground links are l 10 =rad, the LITcres in spot size is In-
simdcaut. However, for samflite-to-ground licks an incrueceil increase !n beam
spread may Increa~se the centd =dlzlon spot size on the ground by as =uch as a
Wdometer. Sach cases must clearLy be considered.

2-"4 (2-85 Blankc)
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Sec-_on 2 - Bata.-Base Review and 1ce.' 'For=-iz1r-ca
Subsecti D - Scabeei: Mechasim

7. A4TXCSPRIC SCA=1Z-MTG - =1CZCX ADMV SCATTM.-G DAT-A
(U) Atmospheric extncdon charactar-stics var7 both txvor2Uy and spatially, dependig in
global locale, with dbn wexer, seasonal, =nd diunal con~ons. Dazz Collected by -%.FGL
and N.ML comve-se the major scarce for x~osheric =odelinmg.

(EU) At~osphee-c absorption aund scattrzng chamcm-ristcs are dependent an the -
dividal molecalar and aerosol ccusitetit which make up the atosphere. Absorptin
IS PrtMxily associ.ated with sPecif-r molec'a?- species, esceci&11y E20 and C0 2, and
can be established in tras of the v4.b .oncal and rotational absorpiton-line chaacer-
isi-Is of the spec!Zc =oiecnLes.. Scaes-ng is dependenz on the -- ber density, size
A stnabaon. shape, and indez- of refr-action of the comsieac molecular and aerosol
particles. 'Mese paraz exrq are not only dlfficLt to measure, but they are also bi~1y
variable both spatially and temporally at a gven locale, and different locales will ha-.e
differzt characeristic atmospheric pro~es.
(U) The majort7 of atmospheri.c data for ECI5TM.OM modeling has been obtmined
rcm, the Air Forc re ophysics Laboratories (AZG-r, form-erly Air Force Cambridge

Research Laboratories) atospheric data comuiI ~n. AZGL has bad an extensive
* program concerned with the optical proper~.es of the atmosphere for over a decade,
* and they cot to camplea data from wtich theyr have estiblished models for both

low- and bigh-resolution at~cspheric tan:aittance. Additional suppor"-ve daza has
been obtained rom Naval Research Laborator7 (NI4 publications.
(U) Because of the wide diversity of atmospheres encountered globally, AZGL has
detned live standard atmospheres as a rearese~m-ve cross section f 2-2-21. These
Include models referred to as Tropical., XMttlde Smer and Winter, and Subar-o
Simer and W!tte. These models are defned in terms of the atmosphe-_iO Press=-*
and density, tanprsoe, and ozone and water vapor concenratios as a famction of
aitiftde. In addition, two aerosol, models have been dedned, referread to as contne~ml
clear and cotnetl hazy, corresponding to visibIl±Uest of 23 k= and 5 1= respectively.
A tatal of ten models can thus3 be moecifted.
(U) Because of the extnsiveness and ready avatlablll7 of the AFGL data on atmos-
pheric models (2-M2 - (2-M5 none of it will be rearntd here. The data available
covers most tommns (=editions and ccis=s of a compilation of absorpton and scatter-
ing co.t~atet for each atmospheric model as a function of wavelenth and alituode.
Xost major laser lines are included.
(T:) -In alternate anoch to deftr:iing absorp on and scatztn coeciet is to
calcaiat dun wsing either of two comuoter models developed by A.FGL. LOWMRAN
[2-251 is a low-resol=60n Code (20 cm 1;) sefl fOr c aTeii broad-band so= --es
sanch as 2gtt-em±tfng diodes and diode lasers. Mhe moat recent version. LOV;T'r_1
3B, Intoduces; fouar new aerosol models, te Xarime, Urban, PRurni, and Troposoher-i
Models. This extends the modeling rariatioas possible.
(U) LOWMEWAN, however, L-, lnanppropir I - for chaxicter!.gnro-bn ae
sources. A comprisuon of the spectal charaaeistio of a marrow-band (DY') laser
soarce to that of the xacosphere is shown in Figure 2-27 (2-271. The LOWnTLA code
does not provide the !=a strnccmre eoxibited :-.or, and a higher-resolution code Is
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(U) , actally a line compilation, can be used to estblish atosphenc
abrpdon c 4 -- cs !or a par Jax laser line to the degree of resoicaon desi-ed
(2-231, [2-291. This code has been madw ossible becaise of an extenalve copilaton
of obsorptoamline specta dam to ail major moLecLaz atnospheric cous, e=, includ-
in H2o, C02, 03. _N20, CO. CZ4, and 02..
(U) Ongoing measrmn at XL have couff-ed with good agreement the general
band s=cxe pmdc by the T- modeL. Measuremem mad ax DF lae
'waveiengths (3. 6 - 4.1 gm) have shown excellent agreement (2-301. However, te
HrMAX code has been found to substndafly over-predct trishisslon in the region
from 4.7 g to 5. 1 1m (2-31]. In both regions the results have been found to be
st-ngy devendent on local wazer vapor pressure. Code updates at AFCL and measure-
ments at NEL conine, however, and differences in the theoretical models and mea-
sured dazz a.e rapily converging. Moreover, exen sve addlonal dam wil soon be
available f-o an A GL aznospheric measuremen program tmkn place in Europe
in coopezatio wi NATO [2-3i2].
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section 2 - Dam-Base --Wvlew and Xodel For.mula:Lon
Subsectsion D - Sc~ez±' xechszs

()Amospheric sc rng pro~es have been obtaned fram scatred =eme ec prog--As
and from the general Ylle scater.g thory, witth which 'he mneasured data a--e =n iaiiy good
agreemnect.

(U) If the atmosphere were composed ondy of molecules, whbse d~azeters are mauch
less than optcal wavelecgtts, apprope-ate approidzations would result in the 1RayleLWh

scri--hery z~h ?r~dicts an almost unlform sc2=rng dL,-.rc-M However,
aerosol copnec= ai the atmosphere are almost always the dominant ser-Ing
mnehnisma. Such aerosol particles typically have daznecrs of the order of the opdcai
and intared wavelengths of 1nerest, and :he more general Metheory mustbe used.
Scattering dst-fudon function meaaxremecz have not been a~s extensive as ez-Oncton
zzessurzeces, and though predictions based on the Ale mnodel are theoretically well-
founded, they are strongly dependent ozL the size ds-2=on of atmospheric consdi-

era fumcdon wnlch is dMnlt to measure.
(U) Thie theory developed by 241* (2-331 provides an e.,.ct soiidon for the scattering.
of a tolarized plane wave from a single stherica.L part-1cle of =bitx7 size and index
of refraction, which may be complex. The general theory speciftes amplitude, phase,
and polazaz.on as a factdon of sca~rz angle. T1he Me. soltion hai been extendee
to describe the scaf-*rn by an array of particles stnaly by suming the scattering.
contrbutons from each indviduaa particle in the array, and computer codes ea.st for
perfolrming such calculations. Such an approach t~ctly, neglects the eff"cts of Mulpie
scattering, and inaccuracies also arise from the dilficulies in specifying the m~ber,
and size distrlb.don of the aerosol particle arra-y and the effecdve Indezes of -,efrc-
tion of the particles. Such =eassnren hazve been made, bowever (2-341, t2-351,
and dLs--=con models have been developed for general use [2-2.01, [2-361, though
Nella notes that the maodels lead to discripancies in aiospheric water coenit [2-35..
(U) Dulirich (2-377 and Neilz (2 -337 have both mae aensive scatterling proftle :nea-
suremU in ac~al aospheres at ground level, and theiz reufs are generally con-
sistent witL )Us* calcmlat.ous. 'Resut from 'Nejlats m easu=ents are shown in

74aes; 2-23 and 2-29 for wav*eegths of L.06 Mmz and 1.0. 6 a= resmectively. noe
graphs show *ae composite plows for mrercus mnew~urozments.
(M) Zane of the elevon measured curves o e2-22 fell in tbe cross-batched
region. Curve A ruects condtons of very low 1--idiy (2455) and exremely good
vtsfbzfty(> 40k=). NToumuual meteorological condtons wete observed when curve
3 was mneasuzed. Mhe c~res of Fipzne 2-28 are consistent wfth Vie c alcoua mad
by McC1*tcher et al r2-227 as shown in Figure 2-30. A alcmiation at 1. 06 g= would
fall In between the two curres shown. 'Moreover, C us-s itneu Muwasrze
at if d.farent laser wavelemgths between 0. 47 ;L. and 1. 06 Am by Neila yielded
scaftering functons stnmaar to Figure 2-2S and within a factor of two of each other.
MU) 'Fourteen diffax emaurens were tised to -Ak~ the composite carve of
3F1gure 2-29 for 10. S-,sm, C02 laser rad-Im~ and only one anomalous result was
recorded. t is shown dotd. Mhe malor dL-dc,--on between these caurves and those,
at sharar waveLengths lies in the less proooumced f-orW "! scat-ering peak and th.e
absence of an incrnased backc2=r componzz~beyoad 1.200, the so-called taory. 7.his
is a general behavior associated 'wit sec "tor!=g wvhen the particle sizes are less than
the wavelengt. The u1tizate !=e. !s the '.U-, reigh scaztr-.ng &Utribuion due zo
molecular scatfex~g, also shown in ?Igure 2-30.

2-48 UNCLASSIFIED



L2L.ASSIFIED

(M) Geraly speak±dg. as pax-Acie sizes increase, forward and bac~k sca~erim at
a given wavelength becomnes =ore pronUGUced, and the dis=fbI±.on is generafly tnore
s~ct~ed. For exa.mple, ranbows -esult !romL -az.i sc&=r=g r--331.
(C) For ciear weazer comNt ns scazering frmwdons ~la those of Figures 2-23 and
2-29 cover the majortty of cases ancouared. Because ±he scs~eelng csm'ib=±on
ftmcdon i~s norinalied, an increase in forward sca~e±z maust be compensazed by a
decrease In bak ez..ng. Scatarim- i~aa 7 i~s therefore =uca mnore sens±d.ve to
extincdon coeffciem than disixon ftction.
(U) Very litle data has been compiled on s- reing from fog or mun. A trdy useful
fog model mu=t account for multiple scatbomrng effects, which have not been considered
here. However, Buflxich dd make scazeeng dis=*u:±~on meaaurmem in fog, whicih
e~lb± the Pronounced forwar-d and back s=:r characr-'riIcs noted. No =easmed
sca ring prodles for rain were found though Guwarech et al (2-381 prov!:de =calul-
tons for such a cuse. CQu and Hogg [2-391 have ej6mined zaln particle size dLs=%bu-
teons and densifes.

aAzz3SCATTZRnNG PONCM~OM. Or(0
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Section 2 - Daza-Base Review and Miodel Formulation
Subsection D - Scattering MechanismS

9. RrEC==7 BACX3CA.'TET - =COPETIC.L XODELLNG

(U) A complaz dist huon of baciccatbered rsa~ov. c=n resuit, cousisting of both specu-'A-
and diffhie compones. arising fom backstop or housing reflecdons, 'window redecodons, and
reiecd.ons frozz the receiver and .t3 oudnal compone.

(U) The basic approach to modeling backsc2 red radiation is very similar to ta
used for modelizg, port scaftr except that we asse an ahgle t between the incoming
beam and the normal to the sti cre housing or backstopping the receiver. The
scenaz 'o which 'nt = odeled i !llu~stzated in 71g're 2-31L

')Consideration .uszbe given, to a typical spot size of the received radiaton.
Cmmercial optical con:=unicazioa systIems var7 siz~dftcan.y in beamnwidth and useful

range, bat, of the znzerous such, systems listed in Table 2-3, all appeared to proect
a spot size in excess of 10-mn dim.lr at th4eLf r-1-11a operating ranges, in, some
cases sgifcamly larger. Consequently, the radiated arva depicted in Figure 2-31.
wil usually, be much larger than, a typical window. It i also assuomed that, for a

* .Adiaonfrom the ma-',,lobe wiln otbe allowed to pass behi"d the
receiver in an uncontolled mannr.
(U) The major pardn of bacscatter will therefore be that reflected from the struc
ture, or from a backstop, if the receiver is aot enclosed. ypical structzral material-
wil reflect somewhat diguseiy with a moderate scecular component. With j the acr-
lar variable referenced to the building normal, we generally deffne this reflecta~nce fx
terms of M1codmus' bidlirectlanal reflectance dis=-raon fhmadou (BEMrfl

P2bV- Zb(I)/?InccoS4 2-7

where Ib(j) is the IntensIty of the backscatred rsdiation In the direcdon 9. due to
P~c, itse total oqdcal power on the building. For complete Senerlity it is necessary
to consider incident and reflected rzys at angles t~ and f which. are con-coplanar.

(U3) Xuch of the data avuaiahie and presented in the followtug d~scusson, Is expressi4
-in, terms of the dlzecdozaL reectvity =0Q), where

rb(i) - %b(4) 005 =ab)/j
We prefer Mnr and use ithere beczase, as =ectioned amr~er. it is a coastact
independent of scatring angie for a perfectly diffuse reflector and consequently
convenient for progrummdng.
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........ ..........................:

INCOMIN

i*ure 2.31. The Back= er Scenario. The building or bacicsop will provide primarily diffime
--decron, che window a specular gun: ax 9'- 2;k, and che receiver a reuv-e~aed OA compon-
.rn, all of wiac muu be cansid4 C&
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(r) ZLre-sa:i (2 -67) in tmm of a,, a vaxtable 3Xle referenced to t!e limic Zsia,

instadiof,

Pb- %b(9' 4) - Tb(O')/ ncc (9'- )

With P -cP eap(- aZ) for a link of lengt Z,

P 0Pb~")Clog (9' ex (-cgZ) for a9' -0100 (-9
otherwise.

Agithe exporean'a form of (2-63) :must be used if a'aries sigiilcant!y .Ing Z.

(U) We have neglected the minor diference i= soot area and reflectance due to the
presence of a window in (2-M7 since its area would t pically be much szmaller than.
that of the spot. Specmlarly roilected coxmpomeats from the window Can, be considered
separately by incluin the= in the fumcdom ,Ob. Tbis coamponent of Lmtensit7 should
generally betuch smau11r than t=a from the building since the reilectance fromz glansi
is low compared to that from the s~ctore surtce, and Ite. incident power on the win-
dow is scaled by the ra~do of the window area to the be= spot size; bt its specular-

~erequires that it be included. The- common use of the Mlrec deftx Imcdom to
describe specalar campone= would be inpaile with a co~per calcaladon. We
sha use instead a cor"I -us mnodel wbich Is highly, peaked in a direction 9' 2 4 with
9'1 Inthe same plane as 0

(V, Another specular comnoneat of Lnerest is the so-called opt1cfly augemced (Om~
retorn from the receiver anpertore6 itel The ictesiy of ths red.ectlom zust be
sepaxretely cbaraceorized as

I OA ( 9 ) P~ naOA~9a 1) co A /r((t/2Y 2 (2-70)

where Ar is the receiver avertore area and 60A is de~ned analOgous to Ob in (2-68).
The z - dependenc is absen for the OA ren since the receiver =or= is neces-
sarly mormnal to the lick path. 'The small value of A-. comapared to the spot size, and
the =zx-vw, retroreilected re of tie OA beasm Indicaz tha t is component wIM not
be accessible to a receiver at an appreciable off-as angle. It should,
however, be Considered as an additonal sore which may be scatbred from the
a~osphere.

q)Analogous to (2-61) and wit reference to F!g~e 2-3 the total power scattrec
omthe receiver ixf reciee may be ex~mvssed as

where R. is the range frmthe link receiver to the 0; -, Q -receiver.

2-64 (2-43 Blank)
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Section 2 - Daz-Base Review and Model Formulation
Subsecton D - Sczerinw Mechanism.

10. 3ECVZI R ACMCA"=._- ZA5UP ."Nr DATA
(M A review of reflec=ce dta for a v&arety of wavelenrhs indicates tha most real-worid
cases c= be modeled by asstuming the combiation of a si.mpie lazaberc-an dOe elemen and
. ;.zus5sta. sptlar elermec.

(L) In specfying the reflection chactristics of a backstop material in terms of its
cid-ec ,onal reflectance dsbution nction (B)D )b, s ree diferent as ects must
be considered: the w" :.velength dependence of the =aze1-7l'Is reileanMce, su:f.ace roQh-
=ess characteristics of 'the m=aer-. and the 3BPF's dependence on the direction of
the incident rastizton.
(U) The wavelength dependence of the reflecta=e depends on the detailed absor;on-
band st-actnre of the mameriam, and because of the wide variet7 of matezials which
must be considered and the fact t!ba most are chemic2.l7 irhomogeneous (e. g., con-
crete) an7 attemp at modeling their absor-ton-band properties is aunealistic. We

4 therefore rely instead on measured reflec-.nce data.
(U) The comnlexity of the BRDFys dependence on su.-!.ce roughness and Incident
beam direction is best ilustrzted by an example. Shown a Figaure 2-32 is a series of
reaected-radation prodiles (isointensit7 coz .-urs) for a&luzm polished with 600-

I-rit silicon carbide ,.,-inated a: various angles by a HeN. laser [2-401. ne pro-
les exhibi a oroounced but rather broad sipecuLar peak. a smaller dtffuse compo-

mnt, a moderate backscatar lobe, and an anamolaus a-z-.7 o smaller lobes. Other
mazerLaLs wM exhibit these same chax-acteristics but Ln varying degrees.
(C) ModeLLg these geometric atibutes of a maerl to theoretically establish its -
re.ection profile Is reasonable for most homogeneous -ter Ls, and several modelr-
have been proposed. However, there is a wide disparit7 In the =re of the theoretirai
approaches taicen (though a careful comparison m.igh show that the see.ingiy diverging
approaches are L 5xct Identcal). Shack and DeBeil [ 2-41] and Shack and Harvey [2-421
use the techniques of limear systems theor7 to t-eat the reflection profile from a sur-
face with a given staistical height disteibution and aurocova.-riance function as an angnu-
la- spectram of pLane waves. Using a ray-opdcs model Trowbridge and Reit: [2-.I31
treat the su-tce as an ensemble of -andom.y oriented, r-ndomly curved m.icroar as
azd show that an optically smooth curved surtace of revoiation can be chosen which wi.,
give the same distribution of reilec.ed light as the actual surfce. Sauermann and
Waterman 2-441 do a Fourier decomposition of the sur.rfce and consider the relectic.
(dI-"a&.ou) properties of each sinsotdal7 corrugated surface component separtely.
and they in addition include the effecs of shadowing of the corrugated surface on non-
nor=&11, incident rars, as Illustated in Flgre 2-32.
(U) All of these approaches assnune single-valued surface pratfes and homogensous
materiai characteristIcs. However, disregarding these min r limitations the d lcutY
with any of the approaches is that they &II must evetAW1y rely on measured data, that
is, the surfts roughness properties. Nevertheless, they do provide a means for de-
termining resection prodfles If surace roughness and material properties can be esti-
mated reasonably.
(U) ActuaL BRDF measured data are rather scarce. The wide range of background
materials which must be considered. and the inconsistency of resulut for a given
mater'al (e. g., wood) leads e..erimema.i St :o consider laboratory environments o.r
which they have more control .- Iher han al-worid envro e.ns. Natural materi..s
are requetiy treated as perfect! 7 diffuse reflecors, La which case the BRDF Pb is I
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baslin pzo~1e. It was shown thaz classical. error analysis technitues could mot be
applied az this pomz: in tlme. due to :he L.ak of an adequare amoun: of datman d the
cmpioty: of the problem. so the ses~v~ty analysis represez= a reasonable meaas

to quan~e the effects of possible =mcerl=7. A spaoe-co-ground modei w.as developed
wkdch, albomc li-4ed in capabilL+7, is an i . rta- fzrst step in developing a gem-
eraLized zmodal. Lastly, a detailed so'l- backgrcund mnodal 'was included which takes
int acc= the line smuomre of the solar~ spec== and its 3odf=Aon by, the a~os-
phexic tamsnzison chaxnceristics.

In reviewing the caailities of the progrm several improvezzeD would appear
to be helpfa u In ze analyses. These Include:

* feveopmnzof a. performance evalIuation code to determine the Lzpact of
securlUy neasures on link pextormance.

* Dvelozn of an arospherc progrm from existing codes to generate
tables of coefflcients :r any wavelength and amosperic absorption line

snpand to also generate the scan ering dstrfit4x n ction, uing a.
MIG calolzU .

*Develomen of a seouraze, omrebecsve space-to-Srmmd model. Tbe
space-to-Iroud case is a more complex problem to tr=a tha 'narrow-
beam' Links.

* Loansion of LACM 2. 0 to allow :more demiled modeling of sceario character-
Lstics. TIsns winl reqtnre a thorough analysis of data and winl b~aly Produce a
very large grogrz, considerinmg the dan. reqyfremernts and Prelimninary7
schemes developed.

*Development of a classilfidon sy~for ci insifying link type and scenario
combination to produce 'rales of dmt~b' in est-ating Ilnk secur-Ity. This
would be accomplished by parAtmecric analysis using the prora.

TABLE 3-1. YEATM11.S OF TME CMROW
COMPU~TER MODEL, LACM 2. 0

- eaues Modula~r

* Pseudo 3-D carved earch

e lxbl atscte model

eSpeay.ll receiver/backstop =odel
0lmroved beanscatr algorh

specifc *SM or power , oi-F zmlonal cepabiU!:y
Featmrms * Detailled solar background modeL

* Modes to siznpI2y geametr
& Conour generation opaill!:
0 Sens±itt analysis
* Space to ground c2pability
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Section 3 -1119 Com:per Mxodei
Subueeon -3- flescrtpcon, of M~ah maf I~ Models
1. XA3MOW-3Er-A A-'6UL= GZC=TR Y

(IJ) The analysis of link beam scatter wthere the link beam diameter i negligible in
comp:adsc to the od-&e-, cdstance, tered maxt-ow-bea= m a~lys, Is based upo power

considerations, with beam-shape (power rersus off-eaVs dizzance) effects neglected.

c-1) Me mrow-bezzm link i a pciut-to-poi~t lnk over a curved earth as presented
in Flgore 3-1. The altindes above sea level can, range upward from -1000 tmeters to

exo-~osoezica±~.s. Me dismzce between the link tim i:tter and IL-nk receiver
is the link range, RL. The o4 -1 e - receiver =S) locaron i defimed in. terms of
a cylindrlcml, coordinate sysmmm, wit toe 1_rmsmi r at the origin and !be Ui beam
cotacident wrt th axui of sr~et;T. T!he o' -- -~ -% receiver location. i specided
by the coordinator RMT (A~s of symme=y coordimate), X (rzmge orthogonal to aea of
sy~ne=,y), and C:A2XT (angular coordnaze). GLN=1 (im) is dedned such that O'
def-e a horizo=.1 half plane, -_1010 the opposite ha.U placs, wit 900 being the
--,mer vertical hadf plane of a horiz-ota link. (Note that the radial distzace X i
parallel to a tgent of the earhs suo.t-ce at its intersect-.ou with the link beam for
GAAMMqT - 0 or 1800.)

MmTh coep f e im~r~et plans is very izaporan to grasp In order t fally
-k a~precinte the demon and descriprdon, In this report.-, Me intexcept half-plane is

de.Uned as thAt half-plame whose edge coincides with the link az.ds and cofnls the SR..
Th=a tbere is a half-plans a = 'Yn*O-0 and Yit 1800 wtich may have differen Inzer-
cebillt7 profles (L a., they =my not be zziro= i-ages) in each half-plane.
(U) flgtzr 3-2 shows the intercept haU-plane geornecry includng toe orientation of
the SR in the plans. The SR i ass-ed to be looldng a a&portion of the beam spectffed
by THETA, the otf-wds angie. Note tb.2at;B TA is mot mecessarily the age mzbtended
by the 3 and link =us at the tani er, but the angle subtaded at the scmerng
volome. an order to simplif7 and mmiethe =o=m of geomet% requied of the tuer.
sever*i =ndes we"e designed wbich obtain a prodle of :he lnk scatter using only our .ar
two geomerc parameters for the whole set- These are described in. the User's GiW-.
later in. this sect.om.toawoconeansovnfoeaho erqiedaiae
(G) The compue mnodel uses a a cured earth, and the eqwdfons for calculation of
rzages and aimtude of points axe , -bezsome. They are derived using the geometry
in z-g~e 3-3. Usingthlaofcsnsadsligoeahoth qmr vibe
leads to

1- 3 2 (RE~T) Hci(R)

-(RE+Hl) Cos (DP)

These exressics aus used in :he ro-nas TSRA and SE1 C. If the geomecr.-
speed by the user is such that :he !)a== of _4-e 2=k be=m toches the earth between
:he 1, mitter and receiver. a wa-img !s Piztzed o=t

3-2
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AcvQ

Fiur 3-. Ilumzian of Nax~w-Be~m Link Geomecry. The inacpc half ?lane has the link azxds
aS it e, =nd comains the SE. At the i~arc~on of the link axis andi the 7IN (GALDrT) ref.
~eg :xs he refernce axis is CaSnc to the auchI swriacs.
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Section 3 - The Co~puwr Model
Subsection. B - DescnItiou ot Xathema2,,cal Models

(U) A sunple model based on empimeal data, was develcued t oim for 0 port scatter and
the effects of baff-es

'NO) 'The link *--125=ter is a Si=CMt scureS Of Off-a~ziS rldatEo. Due differ-
/ernces in trn~nte detdgns and quallty of optics a vaxlley of scattexing profiles can
be Dostzlated for a link tra=;Ulr, preseting a problem in modeling the off-axis

(M he :--n.ttr model issu-es a beam divergence angie PELT (6), mpied
by the user. If the user-supplied tt 7iolates the d frac..ou LLimJ±, a warning is pri..
Also required are the optical power out the leas 7r, and the leos dLameter OT. For
cases !nvolvin; hooding. the hood diameter and length are required. Th-'e optics are
assamed ciour. gure 3-4 lubstraes the link =nsmitter.
(C) Lens hooding is si- I ed by a aimle model that assunas a hood arbitarily
largger than the beam dlmeer, aegle&.s diltactiou by the hood (which is reasonable
whnen the hood only touches the sideLobes) and assces a totally absorbing hood Interior.
Tbas the scatter at a given angle is reduced by the peren.gw of the apernare that is
biddein by the hood. Figuze 3-4 inns s the behavior of this ',%ction for several dif-
ferent aneztore size to hood diameter -stos. Tbe case of equal hood dimtr and
apermme size Is the s--ne as the opt-4cal transfer fonction of an ideal circul~ar 2pert.re

(U) TMe comsonents of tan=iter otf--&tis mAiatiou can be separated into a dif-
fated portion (sidelobes) and a portion scatered from the optical materials, which
includes surfaces and bulk scateing of the lenses. At optical wavelengths wit typ ical
apertu~res the sidelobe stuctue is etremely dne, so an expression fozr the sidelobe
envelope as shown in Section 2 is used instead:

DT(e ie 3 oe

(U) The bulk and surface scase is treated using a biirectilonal scatering dist-
buto functon (3SF2), as is developed in tbe Uiteriturs and d.scassed in Section 2.
Zm-ical relationships for the BMF ob~imed from ex erientallon with vaxious op-
tical flats and lenses show that the fanction is roughly linenr Ia log space. flgare 3-5
Mulstts a ty~cal c~ve for an optical flat. As can he seen the slope is app xl=.-taly
-2. 0, and the value at one deg=ree is 2xO3 Also shown on the dgure, Is a syste BSOF
which, although wot epresenting a parlIcuaa system, is typical in form of the expr-
Lmental data available on existing tsn.iterz. As can be seen, the function is roughly4
a sftight line, with the es.ception of several %gUtches' which could be due to internal
reflections pecullar to a paxti~la design. Thus, aat !==m the gitches. the BSDF

can be expressed as
BSDF (e) a A9B

where A is the value of the BSDF at one degre-e, e the off-axis angle in degrates,az
B tba slave of the curve.
(M) ThV'ltches, can be accoumed for by aUxig a fted valtue for the BSDF at thL
7g1itch. Tbus the jser of :he pogrom= must define (for each ;-'Itch) the starting antie,
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(U ap1ft", amd emn =910 of the UPlch tp three Vlthfs = be inpnt The
samle B~F cuve shown in the dgnze is what the P=- w;Uld wse if the 43er
spedfted a ;Utch from 1.. 7 to 2.7 dqegres wfth an, azapliadO Of 2=10-1 S?-1.
(U) U the BSDF to a !Fsuta Ls 1own the B=F uboaie can be ezzL77 replaced
by a use~-.-eapplied furcton Lezpoa the expeiment. data. However, a good
esd=Lt o~f t!%e t~n~~?scatterm am be obt±aind for ==AT 3SDF cmrms u~sing the
built-in model.
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Section, 3 -The CQnuWz' Model
Subuectiou 3 - r*escicL= of V'4hanarca Modebe
3. TX RECMVR AZIM BACXSTOP
(U) Mw e asectin 1=om the link receiver and backsta are of sigmfeance dze to their
locadoniu the -ni- beam. A model is described vhlch accoum: !o diffuse and specu~ar.
reasc:1o trm the receive /ackstop combidom.

(U) The Link receiver is assumed to be collocated with a back top (Which can be posi-
zioned in. any orient-.cu). Flgu 3--6 iustzras the arranement al~ong with the angw-
lar convendons used in the progam

()The diazueter of the opdcs and hood diamzeter and lenths axe input to the pv-o-
gram, and the scheme is identical to that of Ih .=nitter model, I.ea., the scatter
off the receiver aeruxze is asmed to be p vpoz--oua2 to the visible area. The baciz-
swp Is assumed to be Iarze enough to block the nafl beam, and may be oxiened in
elevatton angle b7 specifying PSML (*EL) which Is the elevation onlect~on of the
normnal, reLatve to the 00 0? 1300 intercept plane. Azimuth orietaton is acomplished
by speciftcacon of PSAZ (Okz), which is the angle of the pmjectlon of the nor:=al of
the backstop onto the 00~ (poirve z) or 13010 (negatve tAZ itep plane with the
link optcal a.ds. Flg, 3-7 Muls~ites these anles, aloij with the spectularly re-
flected cozaponents ray. For an arbitrary ortenwoz of the backstop, the direction
of the specular co~mponeut Is wrven by specfyirg which intarcept plane it les in. The
Latercept plans angle '/I is given by

S±u .

v1 nt SiU =

The above espeesion will not give values f5:om -1300 to -1800, but only fromn -900 to
-900, so the FOERAN fmctou ATANN2 is used tu the proar to yield the correct
balf-plane o~denalom This angie is pr-inted ou: for the user In the Input ==nory so
he may be Ibrmned of which intercept plane to run = get the specular componnt
'wost case'.
(U) Two expressions are tmed to model the dizect-onal reflection distrIbudoz of the
bacim, as discussed In Section 2. The si=:lesz of these is a lazaberd-a ietlecti=
model which con.esponds to a diffuse rexlector, contining no specular conmoneut.
The exip as~au for the lcckt dfrect~aal ?!aectance (3RD F) ph in 1±is case is a
consact independent of an;le Oven by

we~r Pd (BDZT) is the total difrse reectnce of the backstop. The more compit1-
catnd model allows a gaussian-shaped specular component along wfth a di~m
(aa-bertlafl component. to this case the ftil width of the specular component at haM.

==ft=609 (BF1W =- Is !uu in deg-r-es. along with the peak value of the speculax
ad diftse -omoonents. Thje exprssion for BRFl is toen

3-10 UNCLASSIFIED
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oc, =fwdrise recdonal reeecnca of
backmp (0 ZEpd :51)

Asp ( ) ,, peak pec'ular reflecta2ce ofSP acksmp (O :aAs < ,

~ (PS ~ m=1a19 between Lanoming be:&= azd
backstop no~al

de (BFW=) *FWMI of specu1sz cmponaim

() ' T= the power at the SR due to the redegton 2s gven by

S 2

Where P Is the power 1ncidemt an the backstop
T is the artsmtta-- P-t the receiver to the SR
Ar Is the SR ea race a~pej area

Pb(9 r ) is the BPfF at the ng er
er  is the off-a:is a=!e -= the receiver to the SM
R I is the rage ft the receiver to the SR.

(U) The redecon ot? the receiver opdcs uses an 1dendcal =del to the spec lar/
emfe CmnDton =ode of ite backszp. Eowever, !n this case the specular corn-
psat Is sar-row and the dftse ac=pone= is small. 7 snaller m, of powerincidwit on the opdcs (as ==paxed to the ba .m) and the f& tha Its raecdars i-re
retwreoected pr~mazily down the ik amts make the receiver optcs sear much
smaer t!s tha of the backztp, so the pvm-oq defaults ae set to I Tore receive r
scarer. Bowever, *e user has the odou of imri .i the -o-one=s.
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SPCCLAA PE.AK

* " FW= 3-7. Basic Geamecy Rea.ing A4e of 3 acksop Norma co T,,o€ming
Beam Angle. The vecor representing the specuLar reflaction peak is in die

pLane common to rbe beam ads and the backsop mormaL In this =aso r

is negaiwe and A is POsidve.

UNCLASSIFIED 31

,-77



Secm 3 - The Cao~i~er M-odei
Subsectim B3- Descpd=u of L a iModels
4. --' F- A-X LS~ - E=C=7M AND, BACXCMOLTAD

(b jMe a -a. 9 receiver model includes speci flcLons of dertecic ty7pe and sonsiti zty.
T~w wdeLis flsc.saed in Uh of cep, asions used in the pror and the bacikroud m=del

is desc:74-ed.

desired oupu For --=le, a power c=ux=on only requires the aperure area
(ASR) and the dld of 71-ew (70V) in the intercept haLf plane, as the backcpvud power

is act re-qured, and the FOV in the cross-beza dLzscto is assuzed large enough to

X- S 2_ _ _ _

(2hc/VQX F3 MS P4b3

where

PS (PS) - dou power
Wp4 -dr 90 0". depth Of signal

3 (SWR) - SR electrical bsnvnwith

(ETA) qud a enc7 of the detector
(A.LAM) - maveiength

h (a) - Planck's constant

c (C) a speed of Ugf

?b (PB) - hadqromd power

(C) Sevrmal pam.ws desert. special considersdon. In pardcuiar the NEP and
baccpctd power. TMw NE? is descr-ibed here as the wiise power "i'vth the Ud on".
This t!U fIgur charucterizes the eudre SR detection system, Includng pin !rom z
device such as a photommit!ipier tobe, u it dos act Include background noise effecm.
mah backgroud power Is caIlifaed based on the wave igmgth and day/might and mer.eor-
olocL= condlU=3n bave, a ver strong inmuancm on the ML~ observed.
(C) Mme bacgrund zodel used In the programn is composed of an earth blackbody
cmrve ad a solar' lrrad~ance table. The Waclkbody cmrve ;a only sigmiflcu in the :mid-
to !Ar-M and uses the classical blaclthody mmdation expresuion dwszssed in Section 2.
71w solar backround i a line model mken f.-m G~am [::-21. The prograxn interpolates
to In the solar ira~dL~oe asyg = ope-mal uLr m-a of 2. and the tatle Lnctudies
the solar Une s~ucmre and armoumhere -,.nstmission ch~aaceristics. A munny day,
cloudy day or ni~z cou4iom are tze ovt-ons zvwlable to the -ram user.
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(U) In the =5e Of heterodyne detection :.h zil-W-iss ratio is gie by
S '7X

Lm XZ) = local osciltor mi~~eilclency

T7 (ETA) - detecor qun= elc=y

X (ALM) = aveengh

B (BWR) - SR elecr=:cal bandwit
h (a) = Planck's conszamt-

a (C) - speed of Uh
-= oduladou facto

P ('30S)- sina power.

Thn wal. this expression, only represents the I? SNEM, though in some cases it may
&lso reprosent the video S N. It aboulId therefore be used with =x-e, especially when
radiametrio dezecton is being evalmated. Mhe m4Ixlg efficiency, wh.ich Can have a
-2-1-- value of 0. 7, may3 also be lower- in a practical sysem. Xoreover, oherence

-ufresnect may be only pardafly =et in a m~dm geonzetry. 'The ocalated hetero-
dyn SM1 is tbiS felt to be Of Only =2ZOr911 al idity.
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Secio 3 -71Tb. Co=='r Modei
Subsecdn B3- Descriptio of 24ztham =4ca I Models
a. AT)ICSPIc UODELS
(u) M~ospberic effects clay a mLai? role =n zhe ine~ptbillt7 poq-Zes of r3woa .nci
Them sc~ter-ng =d =udso models a-- discmssed an this to~i.

(U) SEaton 2-66, tte expressiou derived !or a=osphericaLly scatered power in
cect!= 2, i developed or ase !m, dhe comn7-er =ndel In n equivmlent dlfferemtZal for=

dP( P1  A a PA do TT, F(e~)

where

PO (PT) - Ink tr~sit ;ower

A 3 (AME) = SE aper~re area.

(ALn'CT) = stmospheric scatterirng coe~cieut
dos (n1p) - ezzemen of SR TO'7 along be=m

T, (TI) W*- ,spher,1c tzunsmittm~c9 !r=m tims~itter
to scattar~g volu=* eteemt

T22 ar ;heric trsi±a" a from scattering Volome
eLeinc± to SR

F'(8j) (7T1'TA) z ~spheric scaittertg distribution ftuction

R ( S) - ~.ge from scoltering molue to SR

CTETA) a ngle of intercet of da3 and the lin be=m.

T=s exressiom, is then, -oericafly inzeg--sted across the SE FCV In the prog-am. It
c~ be seem that the aopberic paz meters are c- tcal im the calclation of atmos-
pheric sctter.
(U) TMe ==SmttnCe from poinZ.to~ point in t!he -2t--here is given by,

where the :iCemti isct ca~mec cmaogah±rouz ;x.

T. rone used In the ===~ter =vgr= =seo a steovrse tngz o provide ail-
alti~de, :ab~l!'y Oven a~~o a.
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(UJ) The absorption and scnaeu of the x-osphere is che to the moleculzr and
aerosol cansituats of the aosphere. TMe scsstring properties (coefflcimn:s) are
dependnt on particle size 3=d waveieur±,. but vary mn a relively well-behaved man-
nar with waveength for a given. set c-4 a~osphezic codtons. The zmalacular absorp-
don however. has a very fie struc-cue, du to = depezcence on the quanuun sr.-ctre
of the mzms and moleciles In the ano spaere. The -my lines which m-ke up the ab-
s orpton sp -IT-vry in intensity (resonance strength) and width, and are mot pre-
dictable using simple theory. Instead, a line oompilaton compatar progrm (such as
mTRAN) =st be used. paricmiariy in the case of laser proaaion. where the line-

* .width is so narrow that a dem.ied kmowiedge of :he atzospheric structure in the neigh-
borhood of the laser line is required. For this reason a set of tables [3-31 is used in
the computer model, and for each wavelength option a subset of five azospheric types
axre available, eaca with the choice of clear or hazy condition. The tables !rom the
reierence also contair. the a1tItde dependence of the parazueters. giving the model an
all-aLtimude zmodelingl capabilty. Talie 3-2 is a sampIe of such a table. Tlie computer
pzogrzam has five built-in choices of these tables at wavelenig-Pbs of . 5145, . 6326, . 860,
1. 06. and 10. 591 gmm. Tb. user also has the option of inmutg a table for an optional
wavelength and using it in the progrm.m. If sua a table is not available, the user zmay

*select to use a Zmed-coetcient systemz where the coetfficients are supplied by the auser.
This method has the advantage that e~erlme- I results may be comzparedmwth the
pro pam when the coefficents were determined eperizaeta.1ly; but on the other hand
the results are only good for near co-alitde geometries where variation of at-ospheric
properd.as over the a'41 dlereaces in the scenazrio are negiigible, since only one
coeflcint can be 1zut.
(U) The normaLized scattering t~ctioa is dependent on many a~osPheric paramecters,
incumn relatve hzmdilty and paxticle size distribution. The computation of such a
fuction for a specltc set of conditions requires a Mfis scactern calculation. After
axa-Jizg the eioerimmental and calculated curves available, two curvef It approxizma-
tions were chosen for the prograzm. The first of these, given in Figure 3-8, is shown
superposed on msux eats reported by Nella (3-41 ior a wavelength of 1. 06 pum. The
second, at 10. 6 p&, anpears in Figure 3-9, where the dt is taken from the saxne
souc. In the programa the _f..?5t curve is used to apzvt~ata F(8) for wavelengths
smaller than 2 pm and the 10. 6;L pmcrvefit Is used for wavelengths gresater than 2pm
Ite ormnalization of the carr-es allows their use at any alfi'de with errors only in the
particle size dLsmibi~tU=
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Secton 3 he - CmQnier Model
Suhsecdon C - User's GuiL e LA IZ 2. 0 Com ur P.r-

1. COM!ur PRCauz OvZtV '
(U) LACM 2.0. w.;== in AS . is designed to be user orzleed. in thz it is !emc-
actve and the user is gided thrugh his -a-ticulaon by the prcgrzm. ee frm the
need to labortousL7 prepaze Lmput dats. : a.o, he ca= :modtor resuits and izres z.te i
more det sil those resuls :b= may taeresth i.. M:us, a. user may sit down at the erm;:a
and in one session !nvesdpgate a link, -st determini the c-.1'cal parameters and then -a-
ves""gmadc thema im detaiL.

() A. sivlfed _-, .cna flow da; a Ls .rese-ed in LT.g-e 3-13 and !Ihates
the general flow of .-e .-lgr-m. Append.x B canmsins _ow d-ag-.ns for each mo=due.
The -n'" =ou-Ue inita.,7 calls the izzer-ct-m !:p roudm.e which prompts the uxer ftr
da=. on the Unk and the t-pe of ouput he reqi4res. M-e iznteracve r=llze, TMA.-_,

5 Tm ed so that only the panmemrs requlred to do what the user wa a--e
asked for. For e.ample, If the user requires a power comz-uton, the runs will -

ot .rompnt h for the background type, as It Is not used. Addltonally, demualt v-luas
are provided and dsplayed to the user so 'e can see what sort. of int.t is expected of
bim. (After execang a r= zhe user a s t--e opton of c engaw z without:
havizg to go through the whole process, unless he makes a change that reqvires more
inpus than le previously had specifed.) Cnce the Unk par-zmeters and rn type zlags
'have been set, the computaonal rouz!es are cmL'ed and ezecute the run. 'he user
has t!he opton to receive an iap st.maxy and = write the oupt on any e2e le chooses,
or skip the output i all he desires is a plot.
(LT) As can be seen in the Igare, rwo dt-erent prn.cipal ccmpul-2coal rouines are-
avalable, one for a space-to-grocad scenamro called STOG =d the other for nar row-
beam analysis, called SETCU becase it sets mm the =de gometries, which will be-
dencribed lu more detail later on. the Lo.--er case, the user will have deter=mzin if
he desires to compue the rsdlus of the link beam a the ground or desires to input it,
if it Is to be cozpumd. subrvudne SThEAM is called to do the cmp uadou. The power
at the off-ccis receiver is coxmuted. amd pnmed. Th the case of a arw-bea Link.
SETtUP cos.s copuiLonal zvixines as needed to generat a 52M or power protle of the
link. Control then em= ms to the mar prc.r= where the gr2pics rantines atre called,
if available. Gr=phcs are :1:bl Instm3l= dependent, ad axe mot required to =m the
pro-Am. Taktnj into acco n the isala ows .equci.me= a user cau write a pv-phics
rotne bes suited to his use.
(U) Aj:r a r=u L complete, the user can run a senslivit7 a=a1ysis in which he may
vary the aospheric, port scater, a.d rei.ectace parameters to deter i ne how =u-
ceraintes n them ma. atfect his conclusions about a k. The user can :hen begn.
a new run, or be my stp emecudon if le Is done.
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Secton 3 -The Computer Model'
Susectdon C - User's Gide = LACY 2. 0 Compu~r P-mgr-m
2. C.?PUT DESCELP n.ON

(1C) In this topic the T ts to ZACUf 2. 0 axne deftned and the procadarea f=r using the Interac-
dve roui.ne Is descrmrbed.

(T) The ECM'TROM ComPutL- Model Is i zrcie and his a very Saxible inpt
roine that Is designed t: allow an. analyst to use the computer' without extansive pro-
gr-=:ing exer'ence. Although. the znodel is designed to be Lteracdve, slight mod-.-
i~cadons winl ezw:&31 r~ing of the progrsm in a batch (background) processing en-
vi.orm2ent, as descrOed In Apendiz B.
(LI) 71gure 3-14 M2usrates the in;=. procedure. The user calls the prograzn, and
t1he programu begins eav~ng. The drt parameter he is asked for is the link wave-
length Flve choices are pre-eet, and a dx~ aboice alflows any other wavelength as
aselecton. (The sample Input in the dtue la somewhat system dependent. 'The

qnestdon mark under the prompt statement is svstiam generated, and the IBX TSO 573-
tern al1lows delaultzg to the presen: value in core by sizply pan; In a comma.) The
selection of 4 then sets the wavelength to 1. 06 =m. (However, all inps except optical
bandwidth =xe in IDCS units). The standard prompt iessage has an input code followed
by the variable -- ae, description. and default ralue. A set of partW prompci mesasages
can be msed Instead by typing in an end-oi-dle marker (/= on IM) as an input Detc's
of this axe described in Appendix B.
(U) The user is prompted for the atz-pher.1c model be wants. Efe his two opdona:
to enter bis own absorption and scattering coefcients (TJSER)0, or to use the AFGL -:at
which provides an all-aJ.ltmde capability. If A7GL data is selected and the user has
selected a con-defaiilt wavelength (L. e., ,C11=0 a complete set of datz f'or that wave-
length wi= be expected by the program, and the user will be asked which anit the data
will be read off of. This data is to be foriatted In a 6. 7ES. 2 formnat with two cards
per row of data. frm the table of AFGL dat, shown in Table 3-2. In the case that a
deftulted wavelength is selected, the data. Is In core and the program proceeds to the
aeft prompt messages, requesting the atno spher! c model type and rsbilit7. Ref.--
erence 3-3 consv a detailed descmrion of these models and should be read!1 avail-
able to the user, so they will not be described. ft.-ther.
(U) The next inputs are more S hor-ard; the t ranzmiter opics diameter ann
beamnwjdth are Input. If the beamawidth is less than the diffrction Unit, a messago,
with the dLact=ou limited beazuwit Is printed and the beamwidth Is requested agc.in.
which must be greater than the dthzcon Uimited !:eamnwldt. The BSDF model (port
scatter) is required, with a default avallable; or, il 1USZ. is selected, the slope, tntr-
cept, and lgUtches' of the BSOF axe reawzst.ed, as described ia the previous subosection.
(a) The nx groun of inputs specUy the backstop chazacterisdcs and orientation.
The mser can select either a taznbertlaa backstop or one with a. specular c ! onant.
The default has a 30~ specular comPvnent, but the user should try to dand what model
best suits his backstop. The Iambordan :zodel requires a redecion. coefficlent, and
the speculaxr model "e muires the Afse r-Zec-lon and the specular mplitude and wtdth..
The mest Inputs, PSLAZ and PSML. allow the bacrsmu to te Ilted back and forth or
up sad down relative to the deiault position mr--mal to 'he link beam. The recuiver
scattering is the next input and Is stmci~ed in the same -mer as the backstop, hbviag
a specular and difunse comapca.
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(U he power tznsmited, PT, is reiquirzed in wat, followed by the link range and
the a±ltodes of the link trt amitter and lUnk receiver. Note that the SR ali~tude is
specifted by the pazamzetets X, XEP'S, and GALT, as described in the geolmetry

(U) Twom 2lasarse et CMadM.n rgrz aib mLm o

provide the total Lrom 31 fl .cs As described later, the o~put tables will break
these cozmpooects otz so tl*e user can see the sizz:12cance of each.
uiri T he next paramaeters describe the o ; - a 7L L& v receiver, its detection chax-ac-
ter.istcs, and select :he backWvimud type. TMe user Is alflowed to det the cba-ie-
teziodcs but this is not recomemded in gene--al. Two detection types are allowed,
direct detection and heterodyne detection. The M~ expessions for the diferent do-
tection types reqiure different paxameters, as shown in the previous subsecriom. The
paramzeters co-mn to both are the electronic bandwidth of the SR (3W), the quan=
effciency ETA, and the :moduIzdom depth XX. In the case of direct detection a noise

- -~factor F is speciled, along with the sysm NEP, and the optical bandwidth EWOPT
of the predenecton background 21ter. Uf heteradyme detection is selected the in
efficiency M1 is requi-ed. Note ttat In the sazmple Input session in Figmre 3-14 wave-
length of less than 2 .= was selecred, so that the choice of diret detection was assied
automatcally.

* (U) The area. of the -V - cv to receiver, ASE, is required for all cases, as is the
FOV in the intercept plane, PEE. For cases where the backround power is compUted
a second input PEIAZ is required. T%1s is the FOV is the plane oth-ogonal to the
intercept plane, itersecig the ntercect plane along the SE optical a~ds.
(UJ) The List few inputs are the hood lengibs of the transmitter and link receiv7er.
If the lengths are greater than zero their diamzeters are also requested by the pDmg-am,
as illustrated for the receiver hood. The Bmal Input we describe here is the intercept
plane orientaton anmgle, GAMJ='. FIgure 3-1 shows how this angle de~mes the inter-
cent bali-plane.
MU The Last few Inputs select the :modes and their related parazmeters and will be
discussed in detall in the as= topic.
(U) Flgure 3-13 is a lis-dng of the input s=mazy that the user can request. The
input s=mzmn. contins the npi= va.-eables and presents thea in an orderly fashion.
One paramzeter ar.pears which merit3 smecial attention. and that is the angle of the
intezvept ha.I±-plane containing the specularly redaected comapoment of the bacictap.
described ini de-zil I= Subsec~lon B. The rest of the sI=max7 is self eianz~ry.
(U) The z ace-tigrcund izps is immoked by specifying a& trazismitter aiue of zmore
than 100, 000 :metars. T:he SR distance to the beama Is reqired, and the user either
can input the be=m radius a.nd peak intensity at grocund level, or have those pamzzeters
calcal ated. if they are to be calculated several other =arameters axe reqired. The
plzdor jittr, speofffed in :eans, winl broAden the beamashape. Pmlatf= jitter
quanties the staLbity of the tranimiter plafor, as described Lu Subsection B.*
(U) Table 3-3 su~mmar-4zss the bierarchyt of the inputs and winl be useful to the user
dm~ig a session in ch.n oanges between os

()Table 3-2 in Appendix B lsts the input variables, their type, and &ny limitations
or commzzents that are wat obvious.
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INPUT
cot VARIASLIC DESCRIPTION DEFAULT

cal ek *C( ma±. I - CALL PROGRAM
Ix'cSTzL.'TY AN4ALY'SIS QcR(GRAiM -EN~TER I To START

I LAA f*AiL;NGTi t1"IDEX

4..-SLICT1.06w
28 1A -ATMOS IRKR0S (1-USER 2-AFGL) I

aSELECTF- A FGL DATA
A - AAShi.:t qlC MU4L 2

1 TkUPItCAL
2 -AijJ)A~izuiE

3 - ;41O"T1-Jut N~
4 - S1JbARCTIC SUAMER
t- SUbARC:1C MN'TER

2 COMMA TO USE DEFAULT VALUE OF 2

7 - tsIVLrt (1--L.-Ak( Z--IAhy)1

.2

3 IWHIT -TWA5m1T'l :IEAn L01.-t, WADIAS 2.0002-04

.31 ISSF - dSDF.(l-0Ii7AUL7, 2--tiS)

YbSOF - !:$OF Y-INTiC-i.VT AT I LuE0Uj~E: 2. 00015P02

SSF- 6SOF SLUPS (LO-LO~X) -2.5002.00O

- '~m~md~ OF~ =C.4ES (o - 3) 0

0
4 0QI LIN R~i EMS' UKICS LAMh-T:-R, N 0.100

.32 XdAJK dACKSCOIP (I -WFAUL7, 2-44JSq, 3-LANABERTIAI4)
7
3

BUI - REFLE.cT:.0N COEFFICIENT

- ' PSTAZ -AZ. OW'SNTAT ,4 OF BAC:.CS70(P (Z20) 0.0
0 - INCRMA .W 7 EALA

0.0

-1-4. Wu.%n1on~ oi inzemc~e Session (I. of 3)
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INPUT VAtIABLE OESCRIPTION DEFAULT

PSIEL - EL. 01W1CJA71ON OF iACXCSTOkJ (.OM) 00
0 - LEORMAL TO iEAM

32 NOA - .40R SCA_4z (l-0h:AUL7, 2-uSER) I

6 PT - TRANSMIT PoniEH, MAL-7 1.000E*00

a~ WLI. - U_.aCt iiNOE, mMS 5.0002.02

9 ml - AL714-UU OF TRANSM171TER, METlERS I .0002.-001

-20

25 MCO)M0 - Comi$UT! I -i-ounER 2-S/N RATIO I

5 Ali - SOURCEIi-SUM, 2-ATM, 3-TA~, 4-RC I

13 IWTYi.E - SW T1YPE (1-OEPAUL7. 2-USER INPUT) 2
7
2

1 4 XM - MOOLULATZ1ON UEkYTH 1.*000

16 ETA - QUANTUM -EFFICINCY OF IJETEzCToR 0.700

17 F - EXCESS NOISE FACTOW 100.0

18 drnN - BANCniDTH OF SR, hiZ 1.0002.06

19 PNER - NOISE EQUIVALENT R.useNi OF SR 1.00=E-12

29 csnOPT .Sri OPTICAL aAr0nl0TN, MICRONS 5.OOOE-02K

30 NFLU -I -SUNNtY 2-CLOUDY 3-IGiT77IMS I

Fiuwe 3-14. Ilusgaaon C-f 1rnemcve Session (2 of 3)
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INPUT VARIABLE DESCRIPTION DEFAULT
coca- - ;

T 7
dot. - L-INK zAtiC1iT.-L. HZ .OC-6

12 ASR - AREjA OF SW APRUE SO. m'STS 5.Cc-02

II -ir Fl. ~tLIO uP 'iliji, WAXULAIIS I . COME-02

40 i'O'tIA/h - SW~ FI1L.D OF ilEft (AZAMUTH), .RAD I . coch-02

20 zLI - 6iwo L.:-;.NTr ot: T 4iSMIT7R, .4 0.0

21 out - LENIHO 0.0

4.3 WLL - 4iECIVi~ H(J0UO~IM.~ 0.100

41 UAA**T - ArEGLE OF INTERCEP~T RLA~sE, D20 0.0
0 FU OWI ZONTAL ?jLkt42

26 AGUE - SEL-:CT OUTPUT AGUE (7 F<)W INFO) S
?

2.3 RPX - JISAa~CE FWOm XAIsk ro :stSiCTOR, .4 2.5002.02

24. X - i- -sLiuCUL4JW DISI 70 $EAM AXIS,M I .0002.-03

DO YOU nISii TO 1MMQE A#4'frHIiU;? I -Y~i$ 2-NO 3-ALL
7 (ALJ.CW TO CORRECT ERRORS)

LAO YOU tvANtf AA i LerOUI Zii:AUAYl 'J--i0 I-Yhrs

~-YES (SHOCWN 104 NEXT FGURE)

Fpim 3.14. Muaxmacon oi Imgaac~ve Seuwa (3 of 3)
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LINKC RiANGE. A 5 -.CCS02 Tri AT, T -A z .c;_0o I
diC AUL, A~ - - 2.0CE0 oS* - AI 5tZ M I .CCCE-4-0I
6AC.Q-OUNO 117Y2 - SUNNY

LINK PAAAEERS

n Av--;:-NG.-, I.060E-06 'rh Pora, m I .0C0ooEco
.0.

M.; iO0o OIA.,I M -0.10 TR 1-iOD OIA. , A 0.10

LINEA FOV. R~AO 5. 00CE-03 AP~ERTURE, SO.M. - 0.0500
f;Ov ACROSS BAA.4 R 5.OCCE-03 u)ETECTION TYP, - OIR
OpJ.T zi", M1CR(ONS - 5.000-02 NE?, it/RT.riZ. - .OCCE-12

i 4op. lr-, I.CO 2XCSS NOI-SE - I . OCECC0
mAz4&.nilrn,, m4h 1.0006 OUANTIUM EFF. -0.70

INTERCEPr MOCii PAjRAAME.S

,A(;uE tY - I OUTPUT TYPE -- S/N, Ob
q.i mefS -- 2.5002.02 X, MEIEliS :-- 1.0002.03

I SH LAkd, OiC0 0.0 SiECULAR GAIA? 0.0

A0SNEriIC RAiAMErRS

I 5O a'C. -Zuic AF-:L
M10LA:'TU0E SUMMER VtS1SILITY IS 7.AZY

QUE~l~lz7SFOR 0 TO 1000 mETEiRS ALTITUDE
ScAA: C0)i:. I/A. 2.0082-04 ABS COEF, I/M 5.aZ04-05

S A:A~ :%I TRA1NSM171"B, REC2I-, ALIID 5ACX(ST0P

* ~dsui 4)E.L TYPE - AVE~RAGE 3SUF SLOPE 0510b -. 0
NONLliEM17S -1 0 SDF XI.TERCEEPT 2 011. 00

6ACKSTO TYPE - .mbERTIAN R FL.ECTIUN coh.= - 0.1 500
ZAC43-:00 Az. E 0.0 zA01(STOF EL, OE0 0.0

CA i*Yi.E ---- UNz(NOMN L~i LEV=T  - .
Si'_;E';.ULAri AAA - 0.0 siCU"LAR MiID1h, Z) 0.3CC

Figme 3-15. Sampic Inv=t Summary
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TABLE 3-3. MPZUT 17 AC OF TSEARE RCU'Z'IE. EACH ZMT'
CODE HAS ONE OR XORE VABIABLES IrT ACCESSES.

TIFU in= LHRCH

inpdt Inu Variables

1. Wavelength
2S At:osphexics

Cpicoal - Inutabsorpdon & scattering co~cents
- Plead In now .GL tz~es

2 Tn~it Opdca

3 Tza~zBesaWid

31 BSOF Model

Optlaw BSDF -qbp
-BOF Itercept

4 - Link Receiver Optics

32 Bacitp Type

- Dif~h e Rlctmce
- fte~ular Width & Ma~m=~

44 Backstop Orlenmon

- Elevation

SLik Tranmt Power

8 LinkRamp

9 T'raoxnmi~tt Aftbut

10 Link Reaclver Altde

34 Space--Grctmd Flag
-If S-t-Gromd-

33 - Off-Axis Dmsamo

36 - SR Elevaion Angle

39 - Gzond-Level 1Utbde

44- Be=m Cozapuiaon Flag

47 - .1lttez

48 - TuiiLe~ce Fglag ____

37 - Sea= Radus

38 - Ltensit7 on Axis
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TABLE 3-3. DT'PUT M~lAkBHY OF TSAELU ROUxr=r. EACH 2M~UT
CCDE HfAS ONE OR MORE VAREIA.BLES IT ACCEESS. (Cotned)

input~ila
Code _ _ __Vadae

25 Czpmaton flz (Power or SNM)

5 Sou~e Of Scatter Flag
-For 2m Cases-

14 - M4odzlation, Dept

45 - Detection Type (Difrect Ozr Heterody~e)

is - Heterodyne M1~ng Ellcency

16- Qud Emiecy

17 - Noise Figure (Diect Detection)

18 -SR Bandwidh

29 -S

30 B ackground Type (Drect Detection)

7 - LLnk Bandwidth

1Y SR Ap.z tm

11 SR FOV (In Intercept Plane)

40 SR AZ FOV (Wz Of Plane)

20 Tsmiter good Langh

42 Transmitter ood Diameter

21 Raceiver Hood Lnt

43 Receiver Hood DLameur

22SR.Aldtmde (Sae-tGround Came)

41 rztezrcept Hal-Plasm Orientton

26 Mdode Type

- EPX (modes 1-3)~
- X (Modes 1-3)
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Secton 3 - The Conmpuzer Model
Susecton C - User's Gilde to LACM 2.0 Coxuter Program
3. DESCII-ON OF MODES A2D OU'TPUT

() The intercept modes are designed to free the or og".m user m setting up a su=mtcant
amount of the geomery needed to do a calc lation. Each mode goes throug a sequence, mov-
ing or orienting the SE Like a probe to produce 4 power or 31 p e of the link.

(U) The calculation of power a an off-wds point requires five coordinates, three td
define the Si position In tbhree-dzmensional space, and two to define its orientation. -

In the geometry e -Ubshed and discussed previously, the SE and its optical axds ar.--
confined to the in rcept half-plane and thus only three coordinates remain to be pec-
ifled oce the intercept half plane has been specified. The position of the SR in the -

imzercept hal f-plane cam be specified by its off-wds distance X and its downrnge di-
tance RPX. Note that RPX may be negative (in the transmitter's rear hei.zshere) or
positive, while X must always be positive. The first three modes go through a set of
standard points, while Modes 4 " - "i ower or M about the link
a s in the intercept half-plane.
(U) In Mode 1 the SE positionis e y input ueso e"e On=u1
a s of the SE is slewed from the r-nsmi'=er to t receiver, Incremen~tng the ori-
entailo angle a by one degree near to the transmitter and receiver, and by no mort -
than ten degrees in between, to yield a total of about 37 points. As illustrated in Fig-
ure 3-16, Mode 1 is Ideal for evaluation of the point (R.,M as a potential SE location.
(L) Figure 3-17 is a sample output table for a t7pical Mode I case. The signal-to-
noise ratio in dB is listed, along with the power contributed by each source considered.
As would be e.ected, the transmitter is seen irst, and when a is tncremented it is
no longer in the SE field of view. When the receiver falls into the field of view, the
mode is complete. In Mode 1 the edge of the FOV is on the transmitter to in,.m-,e the
atmospheric scatter visible, and on the opposite edge for the receiver/backsto. When
the data is plotted (Figue 3-18) the transmitter and receiver contlbution show up
clearly. it =ay seem odd that the receiver contributon lu ths case is almost equal
to the ansmitter contriutio; however, the transmitter scatter is very strong at
smafl =gies while the backstop is a laxnbertzn re-lecwr, and at 2= degrees off nor-
el the transmter scx tr has dropped down siISc antly, while the backsito has =1y
dr.ped by 71a fhom its maozzlm value.
(U) In Mode 2 the SR views a ft.ed point along the beam, and is iucremented to el-
feotively move the SE about the point with the center of the FOV oriented toward thw-
point. Note that atospheric trnxmission losses are (for a narrow FOV) canstant -V
for Mode 2, while in the Mode -1 geometry the path length frm -smitter to scat-
tering volume to SR incresses with increasing 9. Another geometric factor is that
the scattering voluae, defined by the Intersect-on of the link aw.s and SR FOV, is
cha zin with 9, and is -MnYi4nzed at 90 degrees. The output of Mode 2 will show
the scattering dsUixat .on function Tre) very sttongiy, multiplied by, the geometric
scai of the scattering volume. A sample ou tut table hs not been inciluded, as it
Is tdnceca, in form to the table for Mode 1. The data is plotted in Figure 3-18 for
comparlson with Modes 1 and 3. In this sample case the !Ixed point is located halfway
down te link aits.
(UT) Mode 2 has great utllit7 in !coklng at the por. or receiver/backsop scatter. 3y
positioning the ftied point the t rnsmitter (EPX=O. or at *-- receiver (E P R-,
the link .Ans) the angula.r scattering .rcfile can !e ;enerated. Since the SP orienzation
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goes from 1 to 179 degrees, the trz=sitter proffle will have no transmitter concribu-
tion for angles greater than 90 degrees, and the receiver wi not have any tram I to
90 deg-ees, unless the backstop is oretneed away from the perpendiculas to fae the
luercept balf-plane. It sbould also be noted that InL Mode 2 the X and 3P2X Iut detae
the ftcsance fto the scadeg volm=e to SR and =-s==In er to scattaxig voine
respectively rather tba the S' loca.ztn.
(0) Made 3 Is atmflz to Mods 2 in that a tedpoint in the lnk be- In observed.
However. the SR is moved &Long a paralll to h U= be= Lu the lnzerespt half-9 Lae and
thus at anlas xpproaching 00 or80S degrees the range from Cho SE to the Ibnd potn:
becomes large. This causes the intensity to drop down due to attenuation, as Ilus-
trated by the Mode 3 curve in Figure 3-18. One interesting featre of this particulr
sample curve is that it reaches a man, at about 10 degrees. It therefore predicts
that ,n ,-izing the intercept angle does not necessarily hms ze te available power
if one is confl-ed to a certn otf-azis distance. This results because of tradeaffs be-
tween scattering dstibution F (O), raunsmission, and tmansmitter scatter characteristics.
(U) Modes 4 and 5 gene -ze contours about the link using an iterative method. In
Mode 4. the SR is assuzed to always look at the tmnsmitter and that portion of the

beam imnmeiately i front of it, within the SR FOV. As shown in Figure 3-19, begin-
ning at an angle a of one degree he SE position is adjusted =91 a desired contour level
is found an the off - s ray. The SE coordinates at tha point are then stored, a is
incemzeted, and the me= point is searched for. The inceent used is smaller for
the small angles, and gets larger with 9 =1 it reaches a mac u of 2. 50. so thatthe points are spaced more evenly In X and RP.C.

(U) Mode 5 uses the same procedure as Mode 4 (Figure 3-1%) but the contours repre-
sent the total collectible power at the SR from the entire link, if a FOV encompassing
the transmtter, receiver, and beam were used. It is recommended Mode 5 be used
for power contours rather than SNP because the SR FOV is used only as a arobe, and
the background =oise win not be computed for the endre composite FOV, but only for
the probe FOV. ' The p ogram wl not co=pte WE for Mode 5 but the user can remove
the resr=ion in the input routine).
() Figure 3-21 compares plots for Modes 4 and 5 at the same canz"= level. The
Mode 5 -os were run with the backstop and reciver at S and 10 k=. (The raged
effect Is due to the convergence criteria. indicating here that the power is cbasnlg
slawL7 with distamce because the 21% couvergence cz-i ±ern is sat fsed by many poinUs
just off the actual curve. Note the receiver reflections at 5 and 10 km for the re-
spective cases. Note also thaz the scales ae not dencal, La., the average (M
scale goes out to 500 meters, but the dowurage ( EPM scale goes out to 12 k=. The
frsxt point to the right Ls at one degree off the link azs at the tansmitter, since the
modeLs are limited to one degrie off the axI.
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IN7~H2PTII~tT MOC I )nE2R C.ONTWITZU7_D dY EAC~i SOUR~CE. 'A77S

2. 1,4E-9I -2.0i95z~oI 2'#873S810 0.0 1 .2459E-I I
2.2945ti.O; -4.Sd591=+01 0.0 0.0 1 .I405E- I
2.JY4!5EeOI -4.9351l +01 0.0 0.0 1.0449ii-I1
27.4945ij0I 51Q4i0 0.0 0.0 9.5821E-12J2.5945E-POI -5.ca492M0o1 0.0 0.0 d.7946E-l
2.d945E+4 j .16.0 0.0 0.0 8.0791=-12
2.7945E.01 U.0~52o 0x .0 7.4288ti-12
2.894ZE+01 . .035iE+0 0.0 0.0 6.8.373E-12
2. 9945Ei- --5. 374a-+0 I (.0o 0.0 6.2989E-12
3.0'#45E+01 -5. 4451 jj-o 0.0 0.0 5.8087E-12
3 .82 as:- +c -5. 9Z92ii.0o1 0.0 0.0 3.326YE-12

*4.5458E*01 -6.36bOE-01 0.0 0.0 2.0l46jE-2
5.?5~l -6..7535E2.C01 0.0 0.0 1 .28o E-2

5.9y72-=+0I -7.0990E+01 0.0 0.0 8.65.31=-13
6.7229E-01 - 7 .40 7 oci 0.0 0.0 6.0696ci- 3
*.4486rc-OI -7.6a24ii+01 0.0 0.0 4.4201=-1
*.I/4JE+0I -7. 928SE-POl 0.0 0.0 3.3296i:-1
Z.9o00h0E+ -a.1463E.*01 0.0 0.0 2.5911E-13
9.6257E+01 -6.351E+01 0.0 0.0 1.0849E-13
1.0351E+02 -8.4930k4..01 0.0 0.0 1.72842-i2
1.I0J77&i.02 -1. 61 S0.i"o 1 0.0 0.0 .05-3

II0e0 -. 709bE-.CI U.0 0.0 1.25A~i1
I .2:32E.02 -d.7704E.O1 0.0 0.0 1 .26.31;:-1 J
I A A -P02 -as8340 0.0 0.0 1 .201 '2:-l3
I.3doti+C2 -s3.a375a.oi 0.0 0.0 1.1693i-1.3
1 .4 705F.+C2 -6. 82t C 1 .0.0 0.0 1.1102E-13
I .4o05E.O2 -8.69212-00i 0.0 0.0 1.09tiOE-12
1.4%V052.02 -6.9029E2.C1 U.0 0.0 i.08442-12

I cS-,2 -t.9152.oI 0.0 0.0 1.0692E-13
1105E-"02 -3. 9291 --q0 1 0.0 0.0 1 .05 Z2--
1.25*2 -d.9449E.01 0.0 0.0 1.03322E-13

1.5305E+02 -8a.9629E+01 0.0 0.0 1.0121E-13
1.5406E+02 -6.982t-0 0.0 0.0 9.8857=-14
1.56052.02 -9 .006 5iE-I 1 0.0 0.0 96521
I .5605E2.02 -9.0.32.E01 0.0 0.0 9.3374E-14
I.57C5i+02 -9.O0629 E-00I 0.0 0.0 9.0201=-14
I.Ad052.o2 -Z.5275E.0Ol 0.0 1.6699s-tO 8.67152-14

Fiure %-17. Sample Mode-1 Output Table
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INTl--C&TIII-.Y MULUE 5 RojE- CO-RBT SYACH SOURCE. r'A=.
*.E12ls lx AM 72MAS 7F- ESCSEE A:.JO SP1E:-:

I.6419E-002 9.46E03 3. 9.3879E--09 0.0 Z.84fta-.c
1 .7 9 1E-0 8. 911i*03 3. .60 6E- 9 0 0 3 31 7 E- 0

a~~~o .0746E-oO3 3. 9. 4317h.-09 0.o 6.249SE-10
l38-Z 7.6d&9E*O2 3. 9.Z28SE-09 0.0 8. 04C9 E-10

I .99"iioz 7.2602S.Q.3 Z. 9.305.3-09 0.0 1 .CS 13E-09
2. O 12k+02 6.96.35E-o.3 2. d.aA!67=i-09 0.0 1 .3365ii-c9
Z. 1697i.QZ 6.6a56d4+O3 2. 8.3913E-C-9 0.0 116 441 i-09j
2.200211.:Oz 6.42S6EO.3  2. 7.94266-09 0.0 2.0114E0
2.3529E-02 6.2l~O . 7.50=E-09 0.0A
2. " 77E+02 53o3 4. 7.0740.-.09 0.0 294~C

2.~4~.2 .7349ti*03 2. 6.6617Z--9 0.0 .OcC
2.6429t-J2 t. 53571-03 2. 6.2697E--09 0.0 409~C

2.I3E5 .4081E-oCJ 3. d.6or E-09 0.0 4-.31 Z1 E-09
a ~/9 4JE-02 5.2239ti003 3. 5.3241 --C9 0.0

2.977U-.02 5.0374E-C-3 z .047E-09 0.0 499EC
3. 1554.E.02 4.9d54ftCj 12. 4.3960ii-09 d.Ptd4E-IQ 4.71 30E-091

-4~'~C 4.9621i*0ol .) 3.7707--09 1.9b702-09 4. J84Q~-%D
3./0.0 '.9373li-03 . .73-9 .7CC6JE-oY 4.0757: -jJ9
..7d 16&002 4.9011E*03 I z. 2.8260oE-C9 3.525di-N 3 .d I ME-9

3. v7CE-02 4.S03ii-003 d. 2.473bE-09 4. 0486ii-09 3.5864E-09
3.9142-C+02 4..-.390E*O.3 20. 2 .6 ZM3-09 S. 3.339c-09 4.0956E-09

33?2.2 4.1592ii-P03 4. 2. 9djdo-Q9 2.7395E-09 4.710.3E-09
3. ddI 1i.0 3. 720dii3 3. 3.5617-0 1 .2941 E-39 5.3266ii-;9

-POAIOM OP 1ASI.I OfAI1I0

1 *4Z44i0. I l. 0ll, 1 d. d. 2CE-09 4.0i09i- I I l.709diiw9
1.3 730ii+02 9.1339=.0I IS. * .1823E-09 3. YeB5 3i- I 1 .6791~.V
1.3250E+02 d .229 IE-00I S. 3.076AE-09 3.9619m-ll i.6486i-09
1.2530E*02 '1. 2.387 .0i- 9. 8.2578si-C9 3. iD366d- I I 1.6562c--09 *
I .Iyd1 *.02 6.4094E-01 ) d.lV80Oi-09 3.9155E-Il 1.6460E-09

D 6E0 .6zo6E-01 .. .Ud02k-09 J-4963E-lI 1* 6361 .; w

~ .VVeI 10. d.279442C9 J.dS75c-fl 1.71IUi-09

3 .46.4 .3706t.0I 17. '.2CE-I9 3.b4C0z-I11 7zt

7.'0~: 6.b4.0 I. 7920z-09 3.7aI720,- I I I.bImj0

4bZ241*Q .4d2Yi.--00 'i. 6.114'.D-09 3 .7662-6- II 2.46i42-o
3. Oo'J2E-*.0 I .23obti.00 I . .901 V -- U9 3. 760vi--I I 3.977191-Cvi

t 26 , .0 32m2C IZ. 0:0 3.75bIe-1i Y:27IE09

1 .04 78~ii- -1 .816I~0 1iPO 13. J.0 3. 7t3s- I I .C030i-0

Fgme 3420. Samie Moce5 0==u Tacie
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Secticn 3 - The Corn iar Model
Subsection C -Utser' Guide to LAC 2. 0 Co==er Pro S=
4. CIRAP~rCS USAGZ
(U) Computer ;ezerxted grunics axe bighly device dependent, so the basic LA.CM 2. 0 Comn-
miter model allows the user to smoply his own. 'Mi~s toric describes some options :ha may
be available to the user even when he has no pLottng devices.

(U) As can be seen by examining the previous topics and the cop 1 1r runs presented
in Section 4, &grAphics are very usef u in=.esecnrg a lazne amount of data. ina mean-
!.oghl manner. L:axc a the coatour plots should prove much more useflInL
prictce than, the mw data. points. For this reason the -- in routine calls snbrotzzine
GP.Ax- after it Exishes aompaung a set of poicz3 genemruxed for the chosen mode. 7:e
H"UGHES I:B TSO (Ume shm--ug option) on whIch this arogru1. was developed did not
have on-Line (az the tezz"ai) papimics. so the plot Me. was generAed. szored on disc,
and later plotted.
(U) Several options are possible in the select-on of a grzhidcs procedure, and the

most genem!l in order of iricreang remote-ter_-Ial cornplectity are:
moe adv-ance ptina.dat

*U h printer plot se a:o u seadt h ~aytbcueI rvdscueo~h

aThe drt w opgedn a-r se ossi lts ar esya tho dvlo ormaot pear Howeer,
It i qnik a, Lu the aspe wheye Le the th rd~ pedis woul reto alw isofs
nzarts thaed u i n ale. adete l:b ado s ~hrpo~gpor
(U) The second opo (sauseu adto he nl ys eauel t provide) s crudeent a
po rirplohif sid andbM,7 T rcvcethe ploesltonlmt ts on7 asc he by thesex
syuem aInows te 32,sne oceail az lte and pooeloonk or mowtpeaor. THoever,-
Iates ic andin tthe canseleet tie' bouindispe is ot tso, i s of.. a sd
whe oethepphts iareeprt rptly tvailale.tte z-s opeiwnnts ptouse. a M~terpt
weiteu ths eutpao ed, dethe r plot by hotd and o-une aoter altng o gm a cener

SapefThe sen ponse eat Luhs I eveloAsing e mpro fgre~ 3-is t eu-
printer plot (igesred) befod the Mode-ie creae ofe plgtre 3-n dasc Thes out.es
(U)m Tlohe onscre rzp ton cs apof coe n te or =or~e cures The aads-o
pra er, th sc e~nis arethte a selec ":csdy and fot reislyts ava iles any
prei) te lt i the piely pur lt typ ee ct and cahuves f syst s lotused Afte tte
pcgmp& Is ezughe h., he to ariotedru to t Itsn powne sate and l etnte
SaaLAC 2.f thse write a.s owr nH'e thiepot usaerxamld e, re3-ded thateahc

aUr e ose to the op ion sof he rgan the a aflc t o a canals be

deleted wt~le the progra is being used, -=dl . suitable grnpbics package can be 7
obaied or writean by the ujser.
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Sec-dn 3 - The Corn izer Model
Susectou C - 'User's Gide to1C 2. 0 Qzzputer PmV=
3. P12OGBAX LZAI'TATION3
(U) noe LACM 2. 0 progrem =ez methods, data, anod ass~tons that '--ose Uitatlons on
its use or the vuJIdtty of its ou~ut. T~raper use of the progrom wi be less likely if the
lizzitations a"e andriwd by the uer.

(UJ) Due to the complexity of MACM! 2. 0 it is !.mpossible to foresee every sitmAon
that a user wifl wart to analye, so the Uznitzroas .Vi~l be stated != the most general
prograzm. it is assmmed that a user/analyst will :iave a good woridn understandin

of the models as descm-ibed La this report, so that :--- aan properly input data and Cor-
rectly interpret the result. Hrowever, the program s--cte and operunzom is cdmnie-
enough to be =in by someone with a cursory 'mawledge of th:e models to checik the I
Prvgrsm to see that it executes properly an a given syste.
VU) The previous Utmitatons of the LA.C~M 1. 0 intervepdbility progrm aze largely.
solved in the present progrsm, as Mfustxtaed In Table 3-3. Them curect Umzitations
are of a more speic matzre, as the basic model bas proven to per~rm adequately
umder pathological testi~ng. (Pathological testlng involves ranning the program with
extemes in data, for emple, wing a link range of one =mr.) Table B-2 Ap.-
pendfx B centsizs comen about the Laput variables, but the restricton are of a
"common sense,, type, such as making the 1=u==ttr hood dametLbr at least as large
as the opdcs it l~oods. The Uitations described here su~mnize the 11mnitations of
the models, and =xe presented Lu Table 3-4. rt slxmuld !e noted that my of these

~itallons cmuld be overcome to a sigi!ca mt extent by =ore extensive zmodeling, as.
suggested. in the suininary to this sect~on.

TA.1LE 3-3. (U) I4ACM 1. 0 13~T2YRES7RICTIONS (V)
Previous LLmiltatlon Present tzmprovement

0 Flt Eath mdelC-rved earth included
* Low Al~.tade Atzogphere Models More detailed models for Lal ±tudes
* Flrst Order Beemsca&-er Funcdon 2-andred. =ore detailed fcmeton based on

expertent
* flrit Order Geometr Exact analytical forms
* So Er-or LL=Ins IDetermined malo= soures of imcertant7-,

provided mans of sensitivity analysis
* IvAquirement for Weather Data Set 1Defaulted sets provided
e T.ntistd Xodel Pontcomvasom with exeriment

*No Provision for intercept s/Nf Added vu onto ronams;
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TABLE 3-4. (U) SUIA37 LZITA-ONS A--M A5SL-.AP-ONS OF TRE
iACM -40 MODELi (r)

model Ti~nAsuno

General * SR o~!iettao9

0 SR does not bave access toai beam=
* Oeaormanipulation is required for
scenaxio interacdon other than backstop
& atmospheric variatons

T. An= Modeled as a point source

* %delobes are smoothed

* Baffle assumed 100% absorpdve

* Adnl scatleim symmet.- assi~ed

Link Receiver/Backstop * Modeled as a point source

e. EEs only one specnlar component

e Bacstp always colocated on link a-ids

Slgmal-to-Noise Model * Seterodyme expesson yields 7 va.lue

e Does not account for =6o11%14on type

Atmospheric$ e Ho~izonta2fly homogeneous (no local

* F(6) isf.7ed
a S~ugle scaen only

* Amospheric multlpa'h neglected
* Data tales requied for ov~onal wavelengts

Background e Assumes Ixed solar pvgeter independent
of SR ozienataon

*Ajsues 20 dB cloudy day, to sunny day
difference

Stme o-Gzoid Case * Verdeal link assuzzed

* Gaussian prol~e assumed
(w) sidelobe structure)

* Power calculation only
~.Approl=.ze meahod
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APPENDIX B - LACM 2.0 FLOW DIAGRAMS, MODULE DESCRIPTIONS,
AND JCL

The purpose of this appendix is to provide a programmer/analyst a starting
point in modifying LACM 2.0. It contains descriptions of the source modules, a
detailed listing of the program inputs, and module flow diagrams. The appendix
begins with a brief discussion of the Job Control Language (JCL) used at Hughes.

JOB CONTROL LANGUAGE (JCL)

The JCL used at Hughes to run LACM 2.0 consists of TSO (Time Sharing Options)
command procedures (CLISTS). The CLISTS used are listed in Figure B-1.

The first CLIST, named GETSET. CLISTS is used prior to running the program.
Execution of GETSET allocates the datasets to be used in the program to the appro-
priate logical units. The user's terminal is represented by dataset (*) and is allocated
to logical unit 5. Logical unit 5 is used to read the data, which the user must input
from his keyboard (prompt messages are written on unit 6, but the TSO system auto-
matically allocates the terminal to unit 6 so it doesn't appear in GETSET). If an end-
of-file marker (/* on IBM system) is encountered on unit 5, the next file on unit 5 will
be read from in subsequent read instructions unless no other file numbers have been
allocated. For example, the first read will be made on the first file of unit 5,
designated FT05FOO1. The first end-of-file marker read in from the terminal will
cause it to branch if an END= (end-of-file mark) is encountered, and it will read next
from file 2 of unit 5, FT05FOO2. However, the terminal is also allocated to this file
so the user will not notice any difference; and all he has done is to make the program
branch to a preset portion of code up to ten times; the eleventh file is not allocated.
This is not a problem in actuality, since this feature is only used to switch prompt
mode and should not be needed more than a few times in a session. The last instruc-
tion in the CLIST allocates a dataset named PLOT. DATA for plotter output. The
raw plot data for the plotter generated in the plotting routines will be written on the
dataset to be kept until plotted out using the CLIST named GETPLT. CLIST, also in
the figux;.

To compile the FORTRAN source and resolve external references, two CLISTs
are used. The CLIST named FORTPL. CLIST compiles the graphics routines in data
set GRAFIX. FORT and loads the object module into a data set named LINKEM. CLIST.
The CLIST named LINZEM. CLIST compiles the rest of the source (located in data set
ECK1. FORT), links it with the plotting routines, and resolves external references
from the FORTLIB, SCIN. PGMLIB, and SCIN. SCILIB libraries. The load module is
placed in data set ECK. LOAD and a message is printed on the terminal telling the
user the program may be execizted by typing 'CALL ECK(MAIN)'.

The libraries referenced contain the plotting routines and the interpolative
routine used in subroutine BACK.

Usually the program is ready to execute, so the user only needs to execute the
CLIST GETSET. CLIST and call the program without having to compile and linkedit,
unless he has modified the source code. Note that if the user wants to write the
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output on a unit other than unit , he must have allocated the unit prior to running the

program, since the program will ask him for the logical unit number.

MODULE DESCRIPTIONS

The module descriptions that follow are not intended to fully describe the entire
module in detail. The modules are commented and thus the source code contains a
great deal of information, so the material presented here describes the general fea-
tures of the modules and explains unusual portions of code. Table B-1 presents a
summary of the modules, their function in the program, and flow diagrams for the"- modules appear in the following pages.

MAIN~

" 1This is the routine that directs the flow of the program, reading the input, calling
the routines to compute the output and generate graphics. The first read statement
reads a flag which is 1 for time-sharing. The write statement immediately proceding
it prompts the interactive user to start by entering a 1. Note that the interactive input
routine TSHARE is called or the program skips to read the inputs in formatted form in
the case of batch (background) processing. The rest of the program flow is straight-

* forward, as illustrated in Figure B-2. Note that a few interactive write/read oombina-
tions are in the code but are skipped in the batch mode. In all cases the interactive
user is prompted for his input.

BLOCK DATA

The inpit variables and constants are initialized (defaulted) in this portion of
code. Most of the data is for the atmospheric model and consists of scattering and
absorption coefficients for the aerosol and molecular atmospheric constituents.

Subroutine TSHARE

This subroutine, shown in Figure B-3, does the bulk of the interactive inputs.
It promp. the user for information, taking into account what choices he already has
made about his system, scenario, or desired output. Two characteristics make this
routine a bit unusual: they are the availability of two levels of prompting, and the
capability to input one or more variables after a run for the next run without going
through the entire list.

The prompt level is controlled by a logical flag PROMPT which is true for full
prompt and false for partial, prompt. The full prompt message prints out the input
code (if it exists for the inputs, the variable name, description, and default value if
there is one. The partial prow-pt mode only prints the input code and variable name.
The prompt flag may be switcheC by the user by typing in an end of file (/* on IBM).
The READ statement has an end-cf-file checkwhich branches to statement 650 where
the prompt switch is negated (PROMPT = . NOT. PROMPT), the file is incremented,
and the program resumes at the input code it was at when the end of file was encoun-
tered. Two methods are available in the program to accomplish this; the choice of
methods is dependent on the installation the user has (See the JCL notes in this
appendix). If the user can use a logical unit with several files, as is done at Hughes,
the "'rst file will be on logical unit 5 (variabie LUNIT) and is denoted FT05FOO1. When
ar ;nd-of-file on the terminal is encountered the system automatically will read off of
i £05F002 in subsequent read instructions. Thus FT05FOO1. FTSF002, etc. are

UNCLASSIFIED
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TABLE B-I LACM 2.0 MODULE NAMES AND
FUNCTIONAL DESCRIPTIONS

Module Function

MAIN Controls program flow; writes output

BLOCK DATA Initialization of default data values

TSHARE Interactive inputs

SETUP Sets up mode geometry

MODE5 Calculates total power at a point

COMTOT Computes power or SNR for a single SR orientation

BEAM Computes atmospheric scatter into SR FOV

TRANS Computes transmission from point to point

FTHETA Returns value for scattering distribution F(e)

DELPHI Returns FOV integration stepsize required to main-
tain 1% accuracy

ALFAEX Returns extinction coefficient

ALFAAB Returns absorption coefficient

ALFASC Returns scattering coefficient

TSCAT Computes transmitter scatter power at SR

BSDF Returns value for BSDF of transmitter

RSCAT Computes receiver/backstop scatter power at SR

RHOBAK Computes backstop directional reflectance

RHOOA Computes receiver optics directional reflectance

BAFRAT Computes hood effectiveness

STON Computes SNR

BACK Computes background power in SR

GRAFIX Produces graphics (user supplied)

STOG Computes power for space-to-ground case

STBEAM Computes space-to-ground link beam radius and on-
aids Irradlance

SIGMAT Computes atmospheric turbulence beamspread

QG10 Gaussian quadrature integrator

CNSQ Returns atmospheric structure constant

B-4
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allocated to the terminal and the end of file will simply cause branching to statement
number 650 to reset the prompt flag. The alternative way is to start reading on unit N
and increment the unit. For example, allocate logical unit 20 to the terminal, and an
end of file will cause branching to statement number 650 where the logical unit would
be incremented (LUNIT = 21). The variable MODESW controls which method is used, and
the programmer should default the value in BLOCK DATA to 1 or 2 to select the desired
method. Note that the program will assume input is coming from logical unit 5 and
unless the proper files are allocated the prompt switching will not work. However,
the program will work in the full prompt mode with no special preparation other than
the usual allocation of unit 5 to the terminal.

The capability of selecting only those inputs that the user wants changed is
accomplished by assigning an input code to each key variable. As shown in Figure
,B-4, the transmitter hood length has an input code of 20. At the proper time the
-program will request the input code. In certain cases changing one parameter will
affect others. In many of those cases the program will prompt the user for other
variables. Referring to the figure, it can be seen that if the hood length is changed on
a one-at-a time basis (i. e., the logical variable CHANGE is true) the program will
also ask for the hood diameter before returning to ask for the next input code. If no
other inputs are to be changed a response of zero will end the input session. Table
B-2 lists the variables, their descriptions, input codes, and default values.

Subroutine SETUP

The geometry for each mode is set up and a sequence of data points is computed.
A flow chart is shown in Figure B-5. The first computation performed checks to see
if the bottom edge of the link beam hits the earth between the transmitter and receiver.
If this is the case, a warning is printed. The program flow then goes to a portion of
code for the mode selected. Flow charts for each mode are shown in Figures B-6
through B-10.

In Mode 1 the SR location is fixed so that the SR altitude is computed before
entering te loop. The initial SR orientation is set such that the edge of the SR FOV
is on the transmitter. The orientation angle THETA is then incremented until the
edge of the SR FOV is on the receiver. The transmitter and receiver are treated as
point sources, and placing them at the edge of the FOV enables maximum collection of
atmospheric scatter at the same time. The power or SNR is returned from subroutine
COMTOT and the output table is written on logical unit NOUT If NOUT is greater than
zero. The values cf power or SNE and THETA are stored in the arrays XINT and
YINT and the number of data points computed NP is also kept.

Modes 2 and 3 are functionally very similar to Mode 1 except the SR position
is changing, and the position va.-iables X and RPX must be computed for each value
of THETA. The SR altitude HS must also be recomputed at each location. Note that
thc smallest orientation angle THETA allowed is one degree. The call to subroutine
COMTOT and output table WRITE statement are done in the same way as in Mode 1.

Modes 4 and 5 iterate to find contours about the link. The root finder in the
program uses a secant method of approximation. A simple expression supplies the
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SOLVE FOR ANGLE TO RECEIVER.ANGR AND AND RANSMITER
ANGREC

COMPUTED
GO TO (MODE)
30, 50,80,.130,.a
13 I II

MODEI MODE 2 MODE -

OF OUTPUJT
PSOINTS

Figure B-5. Subroutine SETUP. This routine generates the sequence of geometry for the five modes.

B-12 I'CLASSIFIED



~,,LASSr iE.

MODE 
I

COMPUTE RANGES, 
ALTITUDES ANGLE
INCREMENT

TNGTR START WITH EDGE OF

=0/2 [ FOV ON TRANSMITTER

Do 40
I 1.50

CALL 
COMPUTE S/N OR POWER

COMTOT --- ATONE POINT

NOUT NO

YES

RITE OUTPUT
TABLE ON FIRE
NOUT

STORE VALUES

TNRET L -INCREMENT IS VARIABLE

EA

CONTINUE

Figure B-6. Detail of Node 1. MIce 1 scans the link from a
fixed SR position.
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initial guess of the root. Based on this guess, it will attempt to make better and
better approximations of the root by the following formula:

RSf+ 1 = RSI f(RS i )  f(RS)(RS

where RS = radial distance to transmitter
f(RS) = POWER or S/N at RS

Iteration along radials from the transmitter was selected because other
coordinates may have severe discontinuities and convergence may be impossible to
attain. In Mode 4 f(RS) is provided by a call to COMTOT which provides power or
S/N from the transmitter and the portion of the beam in the SR FOV, while for Mode
5 the subroutine MODE5 is called, which returns power from the entire link. In the
case a guess for RS Is negative, the previous guess for RS is divided in half and used
instead. (Many contours are very rapidly varying functions of RS. To allow easier
convergence the values are in dBW for power, dB for SNR, which vary less rapidly
since they are in log space.) If convergence is not attained in 20 tries, the program
goes to the next point, and will print a message warning the user of the number of
points that did not converge. A sample output in Section 3 illustrates this. (Figure
3-20).

Subroutine COMTOT I)
This routine, shown in Figure B-11, calls the routines that calculate the power

at the SR from the transmitter, receiver, or atmosphere. It decides to call the
routines based on the flag MP which is 1 for all sources of scatter to be included, 2 for
atmospheric scatter only, 3 for transmitter scatter only, and 4 for receiver/backstop
scatter only. In addition it calls STON to compute signal-to-noise ratio if MCOMP has
been set to a value other than 1.

Subroutine BEAM

The power scattered off the atmosphere to the SR is calculated in this routine
as shown in Figure B-12. If the SR FOV is large enough, it is broken up into a
number of smaller segments and these are treated separately. The transmittance
from transmitter to SR is computed only once if it will not vary more than 2.5% for
any of the small elemental fields of view. Subroutine DELPHI computes the number
of FOV steps needed to maintain accuracy in F(e), as F(e) (Atmospheric Scattering
Distribution) varies rapidly in places and a large FOV would intercept a range of
values that differed by more than 1%.

Subroutine TRANS

The transmittance from a point at an altitude H 1 to a point at an altitude H2 at a
range R is computed by this subroutine shown in Figure B-13. Function ALFAEX is
used to get the extinction coefficient as a function of path altitude, as the integration

1 NCLASSIFIED
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is carried out along the propagation path. In the case the range is less than 200 meters
or the atmospheric model is only good for co-altitude (i.e., fixed coefficients) the
transmission is computed without integration.

Function FTHETA

The atmospheric scattering distribution function F(e) is difficult to calculate
efficiently, since it involves application of the Mie theory and iterative techniques are
usually used. For this reason, t.wo curves were selected to be used in the program
and the curve fit expression are used instead. The FTHETA flow chart is shown in
Figure B-14. Note that one is used for wavelengths less than 5 4m while the other
for wavelengths greater than 5 Lm. It should also be noted that the form of these
equations is of no physical significance, i.e., they were not derived, but curvefit by
trial and error to fit experimental data.

Function DELPHI

This function, shown in Figure B-15, computes the number of elemental SR
FOV needed to achieve a set accuracy. An approximate expression for 8F(8)18
is used.

Functions ALFAEX, ALFASC, ALFAAB

These functions return the extinction, scattering, and absorption coefficients,
respectively, as a function of altitude. ALFAEX does nothing more than add the absorp- 9
tion and scattering coefficients. ALFAAB and ALFASC, shown In Figures B-16 and
B-17 respectively, are identical in form and have two modes of operation. The first
of these returns a fixed coefficient that has been input by the user. The second uses
the tables of AFGL data. The index of the proper coefficient is calculated from the
altitude and the coefficient is returned. (Note that the choice of wavelength, climatic
model, and visibility have already been made and the arrays AS and AB were loaded
from the master array AT with the coefficients for the selected combination of param-
eters.) In the case an altitude greater than 100 km is specified, the coefficient Is
zero, and in the case an altitude is negative the coefficient for sea level is returned
so that contours may be generated for the case of slant path links where part of the
contour is under the earth. A message Is printed to inform the user of this
occurrence.

Subroutine TSCAT

This routine uses a straightforward application of the models described in
Section 2 and 3 to compute power scattered from the transmitter. A flow chart is
shown in Figure B-18. Functions BAFRAT and BSDF are used to evaluate the hood
effectiveness and help compute the lens scatter. The transmittance from the SR to
the transmitter is computed differently for the space to ground case, as only the dis-
tance inside the earth's atmosphe-e will affect the transmittance.

B-22
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Figure B-14. Funcrion FTHETA This routine computes an approximate atmospheric scattering
distribution function. L is a flag delineating wavelength regimes.
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FUNCTION OEL.PHI (THETA, PHI, OPHI)
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I
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RETURN

Figure B-15. Function DELPHI. This routine calculates the maximum size of the elemental field of view
to maintain 1 percent accuracy.
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Function BSDF

The bidirectional scattering distribution function (BSDF) is approximated by a
straight line in log space and is computed in this function, shown in Figure B-19.
After the straight line value is obtained the glitches are added in if applicable.

Subroutine RSCAT

The power reflected from the receiver/backstop is computed in this routine
using the equation presented in Section 3. The backstop is assumed to intercept the
entire main lobe of the beam. A flow chart is shown in Figure B-20.

Functions RHOBAK and RHOOA

The directional reflectance of the backstop and receiver optics are computed
in these routines using the diffuse and specular component models. Flow diagrams
appear in Figure B-21 and B-22. The backstop can be oriented in an arbitrary
manner and can have'a lambertian scattering profile, while the receiver optics are
always assumed to be pointing at the link transmitter.

Function BAFRAT

fOff-axis lens scatter may be blocked by using a hood. BAFRAT, shown in
Figure B-23, calculates the effectiveness of such a hood assuming it is cylindrical
and perfectly absorbing. The effectiveness of the baffle is the fraction of the area of
the optics that can be seen at a given off-axis angle; so, for example, when this
effectiveness is zero the baffle is blocking all transmitter off-axis radiation at that angle.

Subroutines STON and BACK

Subroutine STON, shown in Figure B-24, is a straightforward code of the
signal-to-noise expressions discussed in Section 2. The SNR is returned in decibels.
The background power PBACK is calculated in subroutine BACK of Figure B-25.
Three choices are available, night, cloudy, or sunny. The earth background is com-
puted using a blackbody curve, and the solar background is interpolated from tables.
A multiplicative factor of. 01 is used to obtain the cloudy day solar background from
the sunny day figure. The solar background is broken into two tables of equally
spaced points, one in the UV and the other from the visible into the near-Ir, and IF
statements prevent their use out of the tables' ranges.

Subroutines STOG and STBEAM

The space-to-ground beam power calculation is done in subroutine STOG shown
in Figure B-26, by breaking up the vertical beam into many vertical elements. Each
vertical element is treated by using the narrowbeam analysis routine BEAM. The
vertical elements are arranged in an evenly spaced grid with a row down the SR optical
axis and rows to either side. The center row is accounted for first, and the outer rows
are done by multiplying the result for one side by two. Eash element is checked to see
if it Is within the azimuth FOV of the SR and within the i/e power points of the beam
before its power contribution is accounted for, and the power weighting statement
function WEIGHT is used to model the gaussian power density profile. Subroutine
STBEAM, presented in Figure B-27 is a straightforward application of the equations

BUNCLASSIFIED
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SUBROUTINE RSCAT (PREC)CAULE

OF BAFFLE

COSMDUTO COMPUTE
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ALON LIK I ATONBACRETO

COPTEAN POWRNCIRN
ONACACKSOO

COMPUTE POWER
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OPTICS

SS UM POWER
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A ND OPTICS

Figure B-20. Subroutine RSCAT. This subroutine returns the power at the SR that is scattered
from the receiver and backs-top.
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FUNCTION RHOBAK (THETAP)
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DIFFUSE LEVEL
AND ADDTO
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Figure B-21. Function RHOBAK. This function calculates the reflection of
the backv'op in the direction of the SR.
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FUNCTION RHODA (THETAP) COMPUTE p
SPECULAR0
COMPONENT
OF RECEIVER
REFLECTANCE

ADO DIFFUSE
LEVEL TO
SPECULAR
COMPONENT

CRETURN
ID

-4i Figure B-22. Function RHOQA. This function calculates the directional reflectance of the receiver

optics for a given off-axis angle.

D
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FUNCTION BAFRAT (01, 02. THETA. BL)

II

COORIATESDO

SOLVE FOR

B^FRAT 0 ~ OVERLAPPING BFA
CIRCLES

I AFRAT a 1RATIO OF0
AREAS j

Figure B-23. Function BAFRAT. This routine calculates the fractional area of the transmitter
-~optics visible at an off-axis angle a.
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SUBROUTINE STaCAM IR&EAM, ORNOIR)

CALL
SIGMAT -- CALCULATE TURBULENCE JITTER

;.4 CALCULATE
RADIUS OF
BEAM

CALL -- CALCULATE TRANSMITTANCE
TRANS TO GROUND

CALCULATE
EQUIVALENT
IRRADIANCE
OF LINK

RETURN

7igure B-27. Subroutine STBEAM. In the case the user prefers that the beam radius and intensity
-nthe ground be calculated, this rouitine is called.
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for on-axis intensity and beam radius discussed in Section 2. STBEAM is called only
if the user wants the beam radius and on-aids intensity calculated, for if he chooses
he may input those parameters.

Turbulence Routines

The subroutines SIGMAT and QGIO of Figures B-28 and B-29 respectively and
function CNSQ, shown in Figure B-30, are used to compute the half-angle beamspread
of the space-to-ground link beam. SIGMAT provides the geometry needed to describe
the path, calls QGlO, which integrates CNSQ over the limits provided and the integra-
tion result is used to compute the beamspread. Function CNSQ returns the atmo-
spheric structure corstant Cn2 for a given altitude H. Subroutine QG10 is an
integrator that uses a 10-point guassian quadrature method.

t
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SUBROUTINE QG1O (BL. SU. ICT, OELTAZ, Y)
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PROGRAM LISTING OF of f -axis

c OFF-AXIS ANALYSIS PROGRAM
c D. JONES 714-871-3232 X 4579
a T. YUNGHANS X 4582

a HUGHES AIRCRAFT COMPANY
a FULLERTON, CA

C

c MODIFIED TO DO PROBABILITY OF BIT ERROR ANALYSIS
a BILL JAEGER
a MIT BLG. 36-477

ka CAMBRIDGE, MA
C

common/ flJags /mode,mcomp.,mp,lam,modesw,lunit,nout,istog,iotype,
& irtype,ihet,ibflag,iw

common/rsct/oasmax,diffoa,oafwhm,bmaxs ,bffwhms, bdiff( 6) ,psiaz ,psiel
& ,gams

common/ atmos /alfa(5,2),alfsct,alfab,ia,ab(33),as(33),at(33,14,6)

& common/ tbsdf' / ng,gstartC3) ,gend(3) ,gampl(3) ,ybsdf,sbsdff,nbak,noa

common/ tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt~sigj,sigt
common/ rdata / blr,dr,hr,gl,bdlr
common/ srdata /asr,hs,phi,phiaz,dphi
common/ idata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw

c darki & ptherm replace pnep, add g*
common/' sndata / bwr,eta,±',em,pb,ps,darki~ptherm,snpndb,sndb,xm,

& bwopt,nflg,g
common/ stgout / nvel ,svel ,avel ,ndown,ncros, numtot,hvnear,

& hvtar,xdis,hdis,hdisdf,xclos,hclos,hclsd',kount
a * rdark & srther replace srpnep*I

common/blockl/xmod(6) ,gainsr(6) ,qe(6) ,fnoise(6) ,srbwC6),
& srdarkC6),srther(6),alamda(6),obwC6),nholC6)

common /pltc / xint(200) ,yint(200) ,h(200) ,dcomp(2) ,np,note
c *dimension headyl & heady2 (2by3)

common! hrith / title(18),headxl(2,2),headx2(2,2),headylC2,3),
& heady2(2,3),brholC2),bakhol(2),oaholC2),mattYP(5,5),mvtyp(22),
& mathol(2) ,holdet(2) ,holiw(2,3)

common/err/ier , erab, iersc ,ierbr ,devab, devsc ,devbr
c *add labeled common waverm*

common/ wavetm /npts,t,formO(1000) ,forml(1000) ,powerO(1000),
& powerl(1000)

data onedeg,pi,r2d/.0174532925,3.141592654,57 .29577951/
C

o INPUT DESCRIPTIONS
C

o THE MKCS SYSTEM OF UNITS IS USED UNLESS OTHERWISE
C SPECIFIED

c
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o LINK VARIABLES
a
c ,AM - WAVELENGTH INDEX
c RL - LINK RANGE (M)
c IA - ATMOSPHERICS (1-USER, 2-AFGL)
c ALFSCT - ATMOS. SCAT. COEF. (1/M)
0 ALFAB - ATMOS. ABS. COEF. (1/M)
C

o TRANSMITTER VARIABLES

a HT - ALTITUDE OF TRANSMITTER (M)
c PT - LINK TRANSMIT POWER OUT OF OPTICS (W)
c DT - TRANS4ITTER OPTICS DIAMETER (M)
o PHIT - TRANSIITTER BEAMWIDTH (RAD)
a BLT - TRANSMITTER HOOD LENGTH (M)
o IBSDF - PORT SCATTER FLAG (1-DEFAULT, 2-USER)
o (VALUES BELOW ARE DEFAULTED)
a YBSDF - Y-INTERCEPT OF BSDF CURVE (AT 1 DEGREE)

i6 c SBSDF - SLOPE OF BSDF CURVE (LOG-LOG)
, NG - NO. OF DISCONTINUITIES (GLITCHES) IN BSDF (MAX. OF 3)
c GSTART - START OF GLITCH ,ARRAY OF 3 (DEGREES)
c GEND - END OF GLITCH,ARRAY OF 3 (DEGREES)
a a GAMPL - AMPLITUDE OF GLITCH, OVER RANGE SPECIFIED ABOVE,
c ARRAY OF 3 (DEGREES)
a
c RECEIVER VARIABLES
C

o HR - ALTITUDE OF RECEIVER (M)
o DR - RECEIVER OPTICS DIAMETER (M)
c BLR - RECEIVER HOOD LENGTH (M)
a NBAK - RECEIVER BACKSTOP (1-DEFAULT, 2-USER)
c (VALUES BELOW ARE DEFAULTED)
a BMAXS - MAXIMUM REFLECTION COEFFICIENT
c BFWHMS - FULL WIDTH AT HALF MAXIMUM (DEGREES)
a BDIFF - DIFFUSE BACKGROUND REFLECTANCE
c NOA - RECEIVER OPTICAL REFLECTION(1-USER, 2-DEFAULT)
a (VALUES BELOW ARE DEFAULTED)
c OASMAX - MAXIMUM RECEIVER OPTICAL SCATTER
c OAFWHM - FULL WIDTH AT HALF MAXIMUM (DEGREES)
c DIFFOA - DIFFUSE BACKGROUND
a
c SR VARIABLES

c HS - ALTITUDE OF SR (M)
c ASR - SR APERTURE AREA (M**2)
c PHI - SR FIELD OF VIEW (ELEV) (RAD)
c PHIAZ - SR FIELD OF VIEW (AZIMUTH) (RAD)
c IRTYPE - SR CHARACTERISTICS (1-DEFAULT, 2-USER)
c (VALUES BELOW DEFAULTED, ONLY NEEDED FOR S/N CASES)
c xM - MODULATION DEPTH
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c G - PREDETECTION GAIN IN SR
c ETA - QUATUM EFFICIENCY OF DETECTOR
c F - EXCESS NOISE FACTOR
c BWR - BANDWIDTH OF SR, (HZ)
c PTHERM - THERMAL NOISE EQV. POWER OF SR
c DARKI - DARK CURRENT OF SR
c BWOPT - SR OPTICAL BANDWIDTH (MICRONS)
c NFLG - DAY/NIGHT FLAG (1-DAY, 2-NIGHT)

. c BW - LINK BANDWIDTH (HZ)
C

a INTERCEPT VARIABLES

o MCOMP - COMPUTE CI-POWER, 2-S/N RATIO)
a MP - CONTRIBUTION FLAG (1-ALL,2-ATMOS, 3-TRANS, 4-RCVR)
o MODE - SELECTS MODE OF OPERATION (1-5)
o RPX - DISTANCE FROM XMTR TO BISECTOR (M)
a X - DISTANCE ALONG BISECTOR TO BEAM (M)
a DCOMP - VALUE OF CONTOUR (DBW OR DB S/N) (MODES 4 AND 5)

A
c SPACE TO GROUND VARIABLES
c ISTOG - SPACE TO GROUND FLAG (0-NO, I-YES)
c RB - RADIUS OF LINK BEAM (M)
c THETA - ZENITH ANGLE OF SR (DEG)
c GRNDI - EQUIVALENT POWER (WATTS/SQ. M)
c GL - ALTITUDE OF GROUND LEVEL (M)
C

nout- 1
inpsum= 1

C
c FIRST READ DETERMINES WHETHER THE SYSTEM IS INTERACTIVE
c OR IN THE BATCH MODE.
C

c IOTYPE=O IS BATCH MODE

write (6,300)
read (5,310) iotype
if (iotype.eq.O) go to 20

c
c INTERACTIVE MODE
C

c THE VALUE OF N TELLS TSHARE IF THIS IS THE FIRST CALL.
c IF TSHARE RETURNS N=10, EXECUTION IS TERMINATED

nz0

C

10 call tshare (n)
if (n.eq.10) go to 280
go to 70

c
o BATCH INPUTS
a



4

c * add batch input capabilities *
20 call batch
c SET FALGS TO RETURN TO TSHARE FOR CHANGES

n= 1
iotype=1

c
o WRITE THE INPUTS OUT *

70 mfl=1
if (mode.ge.4) mfl=2

c Pr(e) heading for mode 6 *
if (mode.eq.6) mfl=3
if (iotype.eq.O) go to 80
write (6,380)
read (lunit,1040 ) inpsum
if (inpsum.eq.0) go to 170

0

80 write (6,480)
4if (istog.eq.1) write (6,930)

write (6,490)
write (6,500) rl,ht
write (6,510) hr,hs
theta=theta*r2d
if (istog.eq.1) write (6,530) x,theta
theta=theta/r2d
if (istog.eq.l.and.ibflag.eq.2) write (6,540) gl,rb
if (istog.eq.l.and.ibflag.eq.1) write (6,550) gl
nfl =2*nflg-1
nf2=nfl +1
if (mcomp.eq.2.and.ihet.eq.1) write (6,520) nhol(nfl),nhol(nf2)
write (6,560)
if (istog.eq.0.or.ibflag.eq.1) write (6,570) alam,pt
if (istog.eq.l.and.ibflag.eq.2) write (6,580) alam,grndi
write (6,590) dr,dt
write (6,600) blr,blt
if (blr.ne.O..or.blt.ne.0.) write (6,610) bdlr,bdrt
if (istog.eq.l.and.ibflag.eq.1) write (6,620) sigj,(holiw(i,iw),

& i=1,2)
write (6,630) phit

c * add turbulence to narrow beam inputs *
if (istog.eq.0) write (6,625) (holiw(i,iw),i=1,2)
write (6,640)
if (istog.eq.1) go to 90
write (6,650) phi,asr
go to 100

90 write (6,660) phi,phiaz,asr
100 if (mcomp.eq.2) write (6,670) phiaz,holdet(ihet)
C

if (mcomp.eq.1) go to 110

......• . . . .. .



write (6,690) g,f
write (6,695) xm

write (6,700) bwr,eta
a * darki & ptherm replace pnep *

if (ihet.eq.1) write (6,681) darki,ptherm
if (ihet.eq.1) write (6,680) bwopt
if (ihet.eq.2) write (6,685) bwopt,em

c * add bit interval time *
if (mode.eq.6) write (6,686) t

C MODE PARAMETERS
110 if (istog.eq.1) go to 120

write (6,720)
write (6,730) mode,headyl(mcomp,mfl) ,heady2(mcomp,mfl)

c * skip SR location if mode 6 *
if (mode.eq.6) go to 115
if (mode.lt.4) write (6,760) rpx,x
if (mode.ge.4) write (6,770) dcomp(mcomp)

115 gams=0.
cs=cos(psiel) *sin(psiaz)
if (cs.ne.0.) gams=atan2(sin(psiel),cs)
gamsd=gams*r2d
gamd=gamint*r2d
write (6,740) gamd,gamsd

120 write (6,780)
write (6,800) mathol(ia)
if (ia.eq.2) go to 130
write (6,810)
write (6,790) alfset,alfab
go to 140

130 write (6,820) (mattyp(i,mat),i1,5),(mvtyp(i,mvis),i1,2)
write (6,790) as(2),ab(2)

140 write (6,830)
write (6,840) brhol(1),brhol(2),sbsdf
write (6,850) ng,ybsdf
if (ng.gt.0) write (6,860) (i,gstart(i),gend(i),gampl(i),i=1,ng)

c LAMBERTIAN MODEL
if (nbak.lt.3) go to 150
write (6,870) bdiff(lam)
go to 160

150 write (6,880) bakhol(1),bakhol(2),bdiff(lam)
write (6,890) bmaxs,bfwhms

160 psiazd=psiaz*r2d
psield=psiel*r2d
write (6,750) psiazd,psield
write (6,900) oahol( 1) ,oahol(2) ,diffoa
write (6,890) oasmax,oafwhm

170 if (istog.eq.1) go to 260
C

a WRITE SENSITIVITY ANALYSIS SUM4MARY IF DOING A SENSITIVITY
c ANALYSIS
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C I

180 if(ier.eq.0.or.iotype.eq.0) go to 190
write (6,1000)
if (ierab.eq.1) write (6,1010) devab
if (iersc.eq.1) write (6,1020) devsc
if (ierbr.eq.1) write (6,1030) devbr

C

c ***** WRITE HEADING FOR OUTPUT ****
C
190 if (iotype.eq.0) go to 200

write (6,390)
read (lunit,1040) nout
if (nout.eq.O) go to 210

write (6,400)
read (lunit,1040) nout

200 write (6,360) mode
C
a NOUT=1 FOR EXPANDED OUTPUT FORMAT

a * skip output heading if mode 6 *
*if (mode.eq.6) go to 210

if (nout.ge.1) write (nout,910) headxl(mcomp,mfl),headx2(mcomp,
'I & mfl),headyl(mcomp,mfl),heady2(mcomp,mfl)

C

c ***** CALL THE COMPUTATIONAL ROUTINES ***
C
c SETUP IS CALLED FOR NARROW BEAM ANALYSIS
C

210 call setup
ac
C

c WARNING MESSAGE FOR CONVERGENCE
if (note.ge.1) write (6,370) note
note=0

C

c *0*0* CALL GRAPHING ROUTINE *
C

c GRAFIX IS A SYSTEM-DEPENDENT GRAPHICS ROUTINE. IT MAY BE WRITTEN
c BY A USER TO PROVIDE INTERACTIVE GRAPHICS, OR WHATEVER
0 HE HAS AT HIS DISPOSAL. THE HUGHES ROUTINE INCLUDES A PRINTER
a PLOT FOR USE ON TZLETYPE TERMINALS.

~C
a call grafix

if (iotype.eq.0) go to 270
C

c SENSITIVITY ANALYSIS INPUTS
write (6,410)
read (lunit,1040) ier
if (ier.ne.0) go to 220



NO11 SENSITIVITY ANALYSIS; SET FLAGS TO ZERO

ier=0
ierbr=O
iersc=O
ierab=O
go to 270

o SENSITIVITY ANALYSIS INPUTS

c ABSORPTION DEV.
220 write (6,420)

read (lunit,1040) ierab
if (ierab.eq.O) go to 230
write (6,430)
read (lunit,1040) devab

c SCATTERING DEV.
230 write (6,440)

read (lunit,1040) ierse
if' (iersc.eq.O) go to 240
write (6,430)
read (lunit,1040) devso

C
o BSDF DEV.

240 write (6,460)
read (lunit,1040) ierbr
if' Cierbr.eq.0) go to 250
write (6,430)
read (lunit,1040) devbr

250 go to 180

c STOG COMPUTES SPACE TO GROUND INTERCEPTIBILITY

260 call stog (comp,ptstog,prstog,pastog,nret)

o WRITE OUTPUT FOR SPACE TO GROUND CASE

wrtC69"
write (6,930)

if (ibt'lag.eq.1) write (6,940) sigj,grndi
write (6,950) rb,nvel,svel,svel,avel
rdy=2 1noros-1
ndownzndown- 1
write (6,960) kount,ndown,ndy,numtot
write (6,970) xdis,hdis,hdisd'
write (6,980) xclos, -jlos,helsd'
write (6,990) pastog,ptstog,prstog,comp
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c

270 n= 1+iotype
go to (280,10), n
if (nout.ne.6) close (nout)

280 stop
c
c

290 format ("I")
300 format (9x,"off-axis analysis program--
& 15x,"enter 1 for interactive input - 0 for batch input")
310 format (il)
320 format (22x,18a4 ,//)
330 format (4x,18a4)
340 format (i4,6e00.4)

350 format (4x,6e10.4)
360 format (//,5x,"interceptibility mode ",i2)
370 format (Sx,"* iteration did not converge at ",i3," points")

4 380 format (10x,"do you want an input summary? O-no 1-yes")
390 format (//,lOx,"do you want an output table? O-no 1-yes")
400 format (10x,"which file? (must be allocated)")
410 format (//10x,"do you wish to do a sensitivity analysis? ",
& "O-no 1-yes")
420 format (/10x,"do you wish to vary the absorption coef? ",
& "o-no ?-yes")
430 format (/lOx,"fractional change (eg .1 for 10%)",/,15x,
& "default =.1")
440 format (/10x,"do you wish to vary the scattering coef? ",
& "0-no 1-yes")
460 format (/10x,"do you wish to vary the bsdf? O-no 1-yes")
480 format (///,20x,"*** input summary
490 format (///5x,"scenario geometry"/)
500 format (6x,"link range, m ----",2x,lpe1O.3,Sx,"tr alt, m ---------
& 2x,lpelO.3)
510 format (6x,"rc alt, m -------- ",2x,lpe1O.3,5x,"sr alt, m -------
& 2x,lpelO.3)
520 format (6x,"background type --",4x,2a4)
530 format (6x,"sr dist to beam,m-",2x,lpe1O.3,5x,"sr zenith ang, d-",
& 6x,Opf6.2)
540 format (6x,"ground alt, m-..",7x,f5.2,5x,"linkbeam rad. m--",2x,
& Ipe1O.3)
550 format (6x,"ground alt,m------",7x,f5.2)
560 format (/5x,"link parameters"/)
570 format (6x,"wavelength, m ----",2x,lpe1O.3,5x,"tr power, w ------
& 2x,lpelO.3)
580 format (6x,"wavelength, m ---- ",2x,lpelO.3,5x,"eqv. irr., w/sq.m",
& 2x,lpelO.3)
590 format (6x,"rc aperture, m ---",4x,f8.5,Sx,"tr aperture, m --",4x,
& f8.5)
600 format (6x,"rc hood length, m-",7x,f5.2,3x,"tr hood length, m",7x,
& f5.2)

A i
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610 format (6x,"re hood dia., m --",7x,f5.2,5x,"tr hood dia., m -",7x,
& f5.2)
620 format (6x,"total jitter,r ---",2x,1pelO.3,5x,"turbulence ------
& 4x,2a14)
625 format (41x,"turbulence --------,4x,2a4)
630 format (41x,"tr beam width,rad",2x,1pe1O.3)
6140 format C/,5x,"sr parameters"/,'
650 format C6x,"linear fov, rad -",2x,1pe1O.3,5x,"faperture, sq.m. -ff,
& 6x,Opf6.4)

* 660 format (6x,"fov Celev), rad -",2x,lpe1O.3,5x,"fov Caz), rad--,
& 2x,1pelO.3,/,6x,"aperture, sq.m ---",6x,Opf6.4)
670 format (6x,"fov across beam, r",2x,1pe1O.3,5x,"detection type,-,

* & 8x,a4)
680 format C6x,"opt bw, microns --",2x,1pe1O.3)

*681 format (6x,"dark current, a --",2x,1pe1O.3,5x,ftthermal eqv pwr -ff,

& 2x,lpelO.3)
685 format C6x,"opt bw, microns --",2x,1pe1O.3,5x,"mixing efficiency",
& 6x,Opf6.4)
686 format (6x,"fbit interval, s --ff,2x,1peIO.3)
690 format (6x,"gain ---------------,7x,f5.2,5x,"excess noise ------,2x,
& lpelO.3)
695 format (6x,"mod. depth ---------,7x,f5.2)
700 format (6x,"bandwidth, hz ---- ",2x,1pe1O.3,5x,ffquantum eff. -- "

& 7x,dpf5.2)
720 format (/,5x,"intereept mode parameters"/)
730 format (6x,"mode type ----------,lOx,i2,5x,"outPut type --- 4x
& 2a14)
7140 format (6x,"sr plane, deg ------ 5x,f7.2,5x, "specular gamint -",5x,
& f7.2)
750 format (6x,"backstop az, deg ff,5x,f7.2,5x,"backstop el, deg ",5x,
& f7.2)
760 format (6x,"rpx, meters -------- 2x,1pe1O.3,5x,"x, meters --------
& 2x,lpelO.3)
770 format (6x,"iso-con value, db-",2x,1pe1O.3)
780 format (/,5x,"atmospheric paramneters"/)
790 format (6x,"scat coef 1/in ------,2x,lpelO.3,5x,"abs coef, 1/mn--"
& 2x,lpelO.3)
800 format (6x,"data source -------- 8x,a4)
810 format (6x,"results are valid only for cases with near "

& "coaltitude geometry")
820 format (6x,5a4,15x,wvisibility isif,9x,2a4,/,17x,"coefficientsi,
& "for 0 to 1000 meters altitude")
830 format (//,5x,"scattering data for transtitter, receiver, and "

& "backstop")
8140 format (/,6x,"bsdf model type --",14x,2a4,5x,"bsdf slope db/db "

& 5x,f7.3)
850 format (6x,"nonlinearities ---",llx,il,5x,"bsdf intercept - ",5x,
& f7.3)
860 format (llx,"froi",5x,"to",7x,"level",3C/,6x,OPi3,0pf7.2,Opf8.2,
& ipe12.14))
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870 format (/,6x,"backstop type ------,2x,"lambertian",5x,
& "reflection coef -",5x,f7.4i)
880 format (/,6x,"backstop type ----",4x,2a4,5x,"diffuse level .- "

& 5x, f7.3)
890 format (6x,"specular max --",5x,f7.3,5x,"fspecular width, d",5x,
& f7.3)
900 format (/,6x,"oa type ------------ 4x,2a4,5x,"diffuse level--"
& 5x,f7.3)
910 format (//,lI0x,"power contributed by each source, watts",/,7x,2aI,
& 6x,2a4ll1x,"transmitter receiver atmosphere")
920 format(I)
930 format (20x,?*** space to ground **
940Q format (//5,c,"turbulence beam spread (rad) ---------------lpelO.3,
& /5x,"equivalent irradiance (w/sq.m) ------------- lpelO.3)
950 format (//5x,"radius of transmitter beam (m) -----------ff82/
& 5x,"no. of elements in beam -----------------f,18,/8x,
& "configuration of element ----------------2x,"square",/llx,
& "length of element (m)----------------f8.2,/llx,"width of "

& "element (in)-------------------,f8.2,/llx,"area of element Csq.m) "

& -----------,f8.2)
960 format (//5x,"no.of vert. elements subtended by rcvr ---- ",i8,/8x,
& "fno. of elements down beam (x-dir) -------,i8,/8x,"no. of "

& "elements across beam (y-dir) ---",i8,/8x,"total no. of "

& "elemental volumes ----- f,18)
970 format (//8xc,"dist. to the farthest element ----------- lpelO.3,/,
& 8x,"altitude of the farthest element ------ f,lpel0.3,/8x,"alt. "1,

& "difference of subtended element --",lpelO.3)
980 format (//8x,"dist. to the closest element ------- "lpelO.3,/,
& 8x,"altitude of the closest element ---------,lpelO.3,/8x,"alt. "

& "difference of subtended element --",lpelO.3)
990 format (///5x,"power contributions",/,8x,"atmospheric power "

& "contribution (watts)-",lpelO.3,/,8x,"transmitter power "

& "contribution (watts)-",lpelO.3,/,8x,"receiver power ",
& "contribution (watts)----",lpelO.3,//,5x,"total power (watts)",
& O-- - - - -,pelO.3)

1000 format (//,13x,"*** sensitivity analysis summary ***",//,lox,
& "contributor",8x, "fractional deviation")
1010 format (/,lix,"scattering",15x,f8.3)
1020 format (/,llx,"absorption",l5x,f8.3)
1030 format (/,llx,"bsdf",21x,f8.3)
104~0 format(v)

end

block data
c

common/ flags /mode,mcomp,mp,lam,zodesw,lunit,nout,istog,iotype,
& irtype ,ihet, ibf lag, iw

common/rsct/oasmax,diffoa,oafwhm,bmaxs,bfwhms,bdiff(6) ,psiaz,psiel
& ,gams

common/atmos/ alfa(5,2) ,alfsct,alfab,ia,ab(33) ,as(33) ,atC33,14,6)



& ,mat,mvis
common! tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common! rdata / blr,dr,hr,gl,bdlr
common/ srdata /asr,hs,phi,phiaz,dphi
common! idata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw

c *darki & ptherm replace pnep, add g*
common! sndata /bwr,eta,t,em,pb,ps,darki,ptherm,snpndb,sndb,xm,

& bwopt,nt'lg,g
common/ tbsdff ng,gstartC3) ,gend(3) ,gampl(3) ,ybsdf,sbsdf,nbak,noa

& ,ibsdf

c*common !pltc xint(200),yint(200) ,h(200) ,dcomp(2) ,np,note

common/ blocki / xmod(6),gainsr(6),qe(6),fnoise(6),srbw(6),
& srdark(6),srther(6),alamdaC6),obw(6),nholC6)
c *dimension headyl & heady2 (2bY3)

common! hrith / title(18),headxl(2,2),headx2(2,2),headyl(2,3),
& heady2(2,3),brhol(2),bakhol2),oahol2),nattyp(5,5),nvtyp(2,2),
& mathol(2),holdet(2),holiw(2,3)

* ~common/err/ier, ierab, iersc, ierbr,devab, devsc ,devbr
ca add labeled common waveffm *

common! wavefm /npts,t,formO( 1000) ,forml( 1000) ,powerOC 1000),
& powerl (1000)
c

dimension atll(33),atl2(33),atl3(33),atl4(33),at15C33),
*& atl6(33),atl7(33),atl8(33),atl9(33),atlO(33),

& atla(33),atlb(33),atlc(33),atld(33)
dimension at21C33),at22C33),at23(33),at24(33),at25(33),

*& at26(33),at27(33),at28(33),at29(33),at2O(33),
& at2a(33),at2b(33),at2cC33),at2d(33)

dimension at3l(33),at32(33),at33C33),at34(33),at35(33),
& at36(33) ,at37(33) ,at38(33) ,at39(33) ,at3O(33),
& at3a(33) ,at3b(33) ,at3c(33) ,at3d(33)

dimension atM1(33),at42(33),at4333),at44(~33),at45(33)I
& at246(33),at4i7(33),atL48(33),at149(33),atJ40(33),
& atI~a(33) ,atJ4b(33) ,at4c(33) ,ati~d(33)

dimension at51(33),at52(33),at53(33),at54(33),at55C33),
& at56(33),at57(33),at58C33),at59(33),at5O(33),
& at5a(33) ,at5b(33) ,at5c(33) ,at5d(33)

dimension at6l(33) ,at62(33) ,at63(33) ,at64(33) ,at65(33),
& at66(33),at67(33),at68(33),at69C33),at6O(33),
& at6a(33) ,at6b(33) ,at6c(33) ,at6d(33)

equivalence (at(l,1 ,1),atll(l)),(at(1,2,1),atl2Cl)),

& (at(1 ,3,1) ,atl(1) ),(at( ,4,1) ,atl( ) )
eqiae& (at(1,51),atl()),(at(1,6,2),atl2(1)),

& (at(1,3,2),at23(1)),(at(1 ,4,2),at2Z4(1)),
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& (at(1 ,5,2),at25(l)),Cat(1 ,6,2),at26(1)),
& (at(1 ,7,2),at27(1)),(at(1,8,2),at28(1)),
& (at(l ,9,2),at29(l)),(at(1,1O,2),at.2O(l)),
& (at(l,11,2),at2a~l)),(at(l ,12,2),at2b(1)),
& (at(l ,13,2) ,at2c(l)),(at(l ,14,2),at2d(l) )

equivalence (at(1,1,3),at3l(l)),(at(1,2,3),at32(1)),
& (at(1,3,3),at33(1)),(at(l,4,3) ,at34(l)),
& (at(1 ,5,3),at35(l)),Cat(1 ,6,3) ,at36(1)),
& (at(1 ,7,3) ,at37(1)),(at(l .8,3) ,at38(l)),
& (at(1 ,9,3),at39(l)),(at(l ,1O,3),at3O(1)),
& (at(1 .11,3) ,at3a(1)),(at(1 ,12,3),at3b(l)),
& (at(1 ,13,3) ,at3c(1)),(at(1 ,1lI,3) ,at3d(l))

equivalence (at(1 ,1,4),at4l()),(at(l,2,4),at42(l)),
& (at(1 ,3,4),at43(1)),Cat(1 ,4,4),at4i4(1)),
& (at(1 ,5,4),at45(1)),(at(1 ,6,Z4),at46(1)),

& (at(1,7,24),at47(i)),(at(1 ,8,Z$),at4i8(1)),

& (at(1,9,4),at49(l)),(at(1,1,4),at4O(l)),
& (at(1 ,11,4),atL~a(l)),(at(1 ,12,4),atJ4b(l)),

4. & (at(1,13,Is),at4c(1)),(at(1,121,4),at4d(l))
equivalence (at(1 ,1,5),at5l~l)),(at(1 ,2,5),at52Cl)),

& Cat(1,3,5),at53Cl)),(at(1 ,4,5),at54(l)),
& Cat(l ,5,5),at55(1)),(at(1 ,6,5),at56Cl)),
& (at(1,7,5),at57(l)),(at(1,8,5),at58(l)),
& (at(1,9,5),at59(1)),(at(1 ,1O,5),at5Ol)),
& (at(l .11 ,5),at5a(l)),(at(l ,12,5),at5b(l)),
& (at(l,13,5),at5c(l)),(at(l ,14,5),at5d(l))

equivalence (at(1,1,6),at6l~l)),(at(1,2,6),at62C1)),
& (at(1,3,6),at63(1)),Cat(l ,4,6)g-at64(1)),
& (at(1,5,6),at65(l)),(at(1 ,6,6),at66Cl)),
& Cat(1 ,7,6) ,at67Cl)),Cat(1 .8,6) ,at68Cl)),
& Cat(1,9,6),at69(l)),Cat(1,1O,6),at6o(l)),
& (at(l .11,6) ,at6a(1)),(at(l .12,6) ,at6b(1)),'
& Cat(l ,13,6) ,at6c(i)),(at(1 .14,6) ,at6d(1))

data mode,mcomp,mp,lam,modesw,lunit,nout,istog/ 4,,1,4,1,5,l,O/
c *add Pr(e) heading for mode 6 *

data headyl,heady2/"pwr,","s/n,","rpx ","rpx ," P"," p",
& dbw"," db ","f,m ",",m ","r(e)","r(e)"/

data headxl,headx2/"thet","thet","x,me","x,me","a, d","a, d",
& "ters","ters"f

data brhol,bakhol,oahol/" ave","rage"," dif","fuse"," unk","nown"/
data rattyp/"trop"f,"ical"," I, I,

& "midl","atit","ude ","summ","er "I
& "midl","atit","fude ","wint","er ",
& "suba","rcti","c ","summ","er "I
& "suba","reti","c ","wint","er R/

data mvtyp/"clea","r ","hazy"," "
data mathol/"user", "afgl"/
data holdet!" dir"," het"!
data holiw!" se","vere","mode","rate"," ","mild"/
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data blt,dbrt,dt,ht,pt/0.0,0.0,.1 ,10.,1 .1
data blr,dblr,dr,br/0.0,0.0,.1,10./
data asr,hs,phi,phiaz/.05,10.,.01,.01/
data alam,rl,rpx,x/1.Oe-6,5000.,2500.,1000./

c *add default values for darki & ptherm *
data bwr,eta,f,em,pb,darki,ptherm,xm,bwopt ,gIO .0,0.0,0.0,0.7,

& 0.0,0.0,0.0,0.0,0.0,0.0/
data rb,grndi,gl,theta/200.,1.e-4,0.,.174533/

a MODULATION DEPTH AND SR ELECTICAL BANDWIDTH
data xmod,bw/1 .,1.,1 .,1.,1 .,1 .,1.e6/
data gstart/O.,O.,0./
data gefld/O.,O.,O./
data gampl/.,O.,0./
data bmaxs,bfwhms,bdiff,oasmax,diffoa,oafwhn/0.,3.,.3,.3,.3j,.3,.l,

data gainsr/1.,1.,1 .,1 .,1 .11./
data qe/.5,.5,.75,.5,.6,O.7/

* data fnoise/1 .,1., .,1 .11.11./
data srbw/1.0e6,l.0e6,1.0e6,1.0e6,1.0e6,l.0e6/

a add data for srdark & srther
data. srdark/6*1 .e-9/
data srther/8.e-15,8.e-15,5.e-15,7.e-15,5.e-17,1.e-12/
data alamda/.5145e-6,.6328e-6,.860e-6,1.06e-6,1O.6e-6,0/
data obw/.O01,.O1,.01,.001,.01,.05/
data al.fa/5.e-5,5.e-5,5.e-5,5.e-5,5.e-5,5.e-5,5.e-5,5.e-5,5.e-5,

& 5.e-5/
data ng,ybsdf,sbsdf/0,200. ,-2.5/
data nflg,irtype/1 ,2/
data nhol/" sff,"unny"," cl"f,"oudy"," n","ight"/
data ibsdf,nbak,rioa/1,1,1/
data gamint/O./
data note/Of
data ia,mat,mvis/1,2,1/
data dooimp/-80.,O./
data phit/.OO01/
data ier,ierab,ierse,ierbr/0,0,O,0/
data devab,devsc,devbr/.1 ,.1,.1/
data psiaz,psiel,gams/0.,0. ,0./
data ihet/o/
data ibflag,iw,sigj/1,2,5.e-6/

o aadd data for labeled common wavefm
data npts,t,form0,form1/1O1,1.e-6,51'1.O,91I9'0.O,50*0.0,51*1.O,

& 899'O.0/

o NOTE - UNITS ARE 1/101., BUT ARE CONVERTED TO 1/1-4 IN PROGRAM

c

o WAVELENGTH IS .514~5 MICRONS
a

o TROPICAL MOLECULAR ABSORPTION
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data atll/
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0

& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0

& 0.0 , 0.0 0.0 / 1
o TROPICAL MOLECULAR SCATTERING

C data atl2/
& 1.47e-02, 1.40e-02, 1.28e-02, 1.15e-02, 1.04e-02, 9.46e-03,
& 8.55e-03, 7.70e-03, 6.94e-03, 6.22e-03, 5.55e-03, 4.96e-03,
& 4.40e-03, 3.89e-03, 3.44e-03, 3.02e-03, 2.63e-03, 2.27e-03,
& 1.91e-03, 1.57e-03, 1.31e-03, 1.09e-03, 9.08e-04, 7.64e-04,
& 6.48e-04, 5.50e-04, 3.67e-04, 1.68e-04, 7.97e-05, 3.91e-05,
& 1.99e-05, 7.45e-06, 0.0 /
c

a MIDLATITUDE SUMMER MOLECULAR ABSORPTION

data atl3/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 ,0.0 0.0 0.0 0.0 0.0
& 0.0 , 0.0 0.0 , 0.0 0.0 , 0.0
& 0.0 ,0.0 0.0

o MIDLATITUDE SUMMER MOLECULAR SCATTERING

data atl4/
& 1.50e-02, 1.43e-02, 1.29e-02, 1.16e-02, 1.05e-02, 9.51e-02,
& 8.56e-02, 7.68e-02, 6.89e-02, 6.16e-03, 6.50e-03, 4.90e-03,
& 4.36e-03, 3.85e-03, 3.34e-03, 2.85e-03, 2.42e-03, 2.07e-03,
& 1.77e-03, 1.51e-03, 1.29e-03, 1.10e-03, 9.38e-04, 8.00e-04,
& 6.82e-04, 5.83e-04, 3.91e-04, 1.80e-04, 8.59e-05, 4.22e-05,
& 2.17e-05, 8.16e-06, 0.0 /
C
a MIDLATITUDE WINTER MOLECULAR ABSORPTION
a

data atl5/
& 0.0 0.0 0.0 0.0 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /

c MIDLATITUDE WINTER MOLECULAR SCATTERING

ism
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data atl6/
& 1.63e-02, 1.54e-02, 1.37e-02, 1.22e-02, 1.09e-02, 9.79e-03,
& 8.75e-03, 7.80e-03, 6.93e-03, 6.14e-03, 5.42e-03, 4.72e-C3,
& 4.05e-03, 3.47e-03, 2.98e-03, 2.55e-C3, 2.19e-03, 1.88e-03,
& 1.61e-03, 1.38e-03, 1.18e-03, 1.01e-03, 8.57e-04, 7.32e-04,
& 6.26e-04, 5.34e-04, 3.56e-04, 1.60e-04, 7.20e-05, 3.35e-05,
& 1.64e-05, 6.Ole-06, 0.0 /

c SUBARCTIC SUMMER MOLECULAR ABSORPTION

data atl7/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /
C
c SUBARCTIC SUMMER MOLECULAR SCATTERING
C

data atl8/
& 1.53e-02, 1.46e-02, 1.32e-02, 1.19e-02, 1.06e-02, 9.55e-03,
& 8.58e-03, 7.71e-03, 6.9le-03, 6.17e-03, 5.50e-03, 4.81e-03,
& 4.13e-03, 3.55e-03, 3.05e-03, 2.62e-03, 2.25e-03, 1.94e-03,
& 1.67e-03, 1.43e-03, 1.23e-03, 1.06e-03, 9.11e-04, 7.83e-04,
& 6.72e-04, 5.75e-04, 3.89e-04, 1.82e-04, 8.64e-05, 4.26e-05,
& 2.21e-05, 8.J45e-06, 0.0 /
C

c SUBARCTIC WINTER MOLECULAR ABSORPTION
c

data atl9/
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0*O.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0 ,
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0

& 0.0 , 0.0 0.0 /
C
C SUBARCTIC WINTER MOLECULAR SCATTERING

data atlO/
& 1.71e-02, 1.60e-02, 1.4le-02, 1.25e-02, 1.10e-02, 9.86e-03,
& 8.80e-03, 7.83e-03, 6.94e-03, 6.09e-03, 5.25e-03, 4.49e-03,
& 3.84e-03, 3.28e-03, 2.80e-03, 2.40e-03, 2.05e-03, 1.76e-03,
& 1.51e-03, 1.29e-03, 1.10e-03, 9.44e-04, 8.07e-04, 6.90e-04,
& 5.90e-04, 5.04,e-04, 3.36e-04, 1.49e-04, 6.67e-05, 3.06e-05,
& 1.46e-05, 5.15e-06, 0.0 /
C

a AEROSOL ABSORPTION- CLEAR
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C
data atla/

& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 0.0 , 0.0
& 0.0 , 0.0 0.0 /
C

o AEROSOL SCATTERING - CLEAR

data atlb/
& 1.68e-01, 1.12e-01, 4.86e-02, 2.07e-02, 9.76e-03, 6.16e-03,
& 4.49e-03, 3.64e-03, 3.56e-03, 3.54e-:03, 3.42e-03, 3.27e-03,
& 3.24e-03, 3.19e-03, 3.04e-03, 2.91e-03, 2.75e-03, 2.67e-03,
& 2.61e-03, 2.36e-03, 1.85e-03, 1.35e-03, 9.98e-04, 7.58e-04,
& 5.90e-04, 4.82e-04, 2.43e-04, 6.83e-05, 1.80e-05, 4.73e-06,
& 1.25e-06, 0.0 , 0.0 /
a
a AEROSOL ABSORPTION- HAZY
C

0.0 ,0.0 ,0.0 ,0.0 ,0.0 ,0.0
& 0.0 ,0.0 0.0.00 00

& data atlo!,:0l:O ,:

& 0.0 0.0 0.0 0.0 0.0 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 .0.0 0.0 /
a
a AEROSOL SCATTERING - HAZY
C

data atld/
& 8.20e-01, 4.96e-01, 1.81e-01, 6.63e-02, 2.42e-02, 8.84e-03,
& 4.49e-03, 3.64e-03, 3.56e-03, 3.54e-03, 3.42e-03, 3.27e-03,
& 3.24e-03, 3.19e-03, 3.04e-03, 2.91e-03, 2.75e-03, 2.67e-03,
& 2.61e-03, 2.36e-03, 1.85e-03, 1.35e-03, 9.98e-04, T.58e-04,
& 5.90e-04, 4.82e-04, 2.43e-04, 6.83e-05, 1.80e-05, 4.73e-06,
& 1.25e-06, 0.0 , 0.0 /

o WAVELENGTH IS .6328 MICRONS
o

o TROPICAL MOLECULAR ABSORPTION
0

data at2l/
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
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& 0.0 , 0.0 , 0.0 /
C

o TROPICAL MOLECULAR SCATTERING
C

data at22/
& 6.31e-03, 6.03e-03, 5.48e-03, 4.97e-03, 4.49e-03, 4.07e-03,
& 3.68e-03, 3.31e-03, 2.99e-03, 2.67e-03, 2.39e-03, 2.13e-03,
& 1.89e-03, 1.67e-03, 1.48e-03, 1.30e-03, 1.13e-03, 9.76e-04,
& 8.20e-04, 6.77e-04, 5.62e-04, 4.68e-04, 3.91e-04, 3.29e-04,
& 2.79e-04, 2.37e-04, 1.58e-04, 7.22e-05, 3.43e-05, 1.68e-05,
& 3.57e-06, 3.20e-06, 0.0 /
C
c MIDLATITUDE SUMMER MOLECULAR ABSORPTION
c

data at23/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0

4. & 0.0 0.0 0.0 0.0 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /

- MIDLATITUDE SUMMER MOLECULAR SCATTERING
~c

data at24/

& 6.44e-03, 6.13e-03, 5.54e-03, 5.Ole-03, 4.53e-03, 4.O9e-03,
& 3.68e-03, 3.31e-03, 2.96e-03, 2.66e-03, 2.37e-03, 2.11e-03,
& 1.87e-03, 1.66e-03, 1.44e-03, 1.23e-03, 1.04e-03, 8.92e-04,
& 7.63e-04, 6.51e-04, 5.55e-04, 4.73e-04, 4.03e-04, 3.44e-04,
& 2.93e-04, 2.51e-04, 1.68e-04, 7.76e-05, 3.69e-05, 1.82e-05,
& 9.31e-06, 3-51e-06, 0.0 /
C

e MIDLATITUDE WINTER MOLECULAR ABSORPTION
c

data at25/

& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 ,0.0 ,0.0 ,0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0 ,
& 0.0 0.0 0.0 /
C
c MIDLATITUDE WINTER MOLECULAR SCATTERING
C

data at26/
& 6.79e-03, 6.62e-03, 5.91e-03, 5.26e-03, 4.70e-03, 4.21e-03,
& 3.76e-03, 3.35e-03, 2.98e-03, 2.64e-03, 2.33e-03, 2.03e-03,
& 1.74e-03, 1.49e-03, 1.28e-03, 1.10e-03, 9.4le-04, 8.07e-04,
& 6.91e-04, 5.91e-04, 5.06e-04, 4.32e-04, 3 .6 9 e-0 4 , 3.15e-04,
& 2.69e-04, 2.30e-04, 1.53e-04, 6.90e-05, 3.10e-05, 1.44e-05,
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& 7.06e-06, 2.59e-06, 0.0 /
a
e SUBARCTIC SUMMER MOLECULAR ABSORPTION
c

data at27/
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 /

"- c
c SUBARCTIC SUMMER MOLECULAR SCATTERING
C

data at28/
* & 6.58e-03, 6.26e-03, 5.66e-03, 5.10e-03, 4.58e-03, 4.11e-03,

3.69e-03, 3.32e-03, 2.97e-03, 2.66e-03, 2.36e-03, 2.07e-03,
& 1.78e-03, 1.53e-03, 1.31e-03, 1.13e-03, 9.68e-04, 8.34e-04,
& 7.17e-04, 6.17e-04, 5.30e-04, 4.55e-04, 3.92e-04, 3.37e-04,
& 2.89e-04, 2.48e-04, 1.67e-04, 7.83e-05, 3.72e-05, 1.83e-05,
& 9.51e-06, 3.64e-06, 0.0 /
C
c SUBARCTIC WINTER MOLECULAR ABSORPTION

data at29/
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 I
c
c SUBARCTIC WINTER MOLECULAR SCATTERING
c

data at20/
& 7.37e-03, 6.88e-03, 6.04e-03, 5.36e-03, 4.75e-03, 4.24e-03,
& 3.79e-03, 3.37e-03, 2.99e-03, 2.62e-03, 2.26e-03, 1.93e-03,
& 1.65e-03, 1.4le-03, 1.21e-03, 1.03e-03, 8.82e-04, 7.56e-04,
& 6.47e-04, 5.54e-04, 4.75e-04, 4.06e-04, 3.47e-04, 2.97e-04,
& 2.54e-04, 2.17e-04, 1.44e-04, 6.39e-05, 2.87e-05, 1.32e-05,
& 6.27e-06, 2.22e-06, 0.0 /
C

o AEROSOL ABSORPTION - CLEAR

data at2a/
& 3.14e-03, 2.09e-03, 9.09e-04, 3.87e-04, 1.82e-04, 1.15e-04,
& 8.39e-05, 6.78e-05, 6.65e-05, 6.61e-05, 6.39e-05, 6.11e-05,
& 6.06e-05, 5.97e-05, 5.67e-05, 5.44e-05, 5.14e-05, 4.99e-05,
& 4.88e-05, 4.40e-05, 3.46e-05, 2.52e-05, 1.87e-05, 1.42e-05,
& 1.10e-05, 9.00e-06, 4.53e-06, 1.28e-06, 0.0 , 0.0
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& 0.0 , 0.0 , 0.0 /

o AEROSOL SCATTERING - CLEAR

data at2b/
& 1.36e-01, 9.03e-02, 3.93e-02, 1.67e-02, 7.89e-03, 4.98e-03,
& 3.63e-03, 2.94e-03, 2.88e-03, 2.86e-03, 2.77e-03, 2.64e-03,
& 2.62e-03, 2.58e-03, 2.45e-03, 2.35e-03, 2.23e-03, 2.16e-03,
& 2.11e-03, 1.91e-03, 1.50e-03, 1.09e-03, 8.07e-04, 6.13e-04,
& 4.T7e-04, 3.90e-04, 1.96e-04, 5.52e-05, 1.45e-05, 3.83e-06,

- & 1.Ole-06, 0.0 , 0.0 /
C

c AEROSOL ABSORPTION - HAZY
C

data at2c/
& 1.53e-02, 9.26e-03, 3.39e-03, 1.24e-03, 4.52e-04, 1.65e-04,
& 8.39e-05, 6.79e-05, 6.65e-05, 6.61e-05, 6.39e-05, 6.11e-05,
& 6.06e-05, 5.97e-05, 5.67e-05, 5.44e-05, 5.14e-05, 4.99e-05,
& 4.88e-05, 4.40e-05, 3.46e-05, 2.52e-05, 1.87e-05, 1.42e-05,
& 1.10e-05, 9.00e-06, 4.53e-06, 1.28e-06, 0.0 , 0.0
& 0.0 , 0.0 0.0 /
C
a AEROSOL SCATTERING - HAZY
C

data at2d/
& 6.63e-01, 4.01e-01, 1.47e-01, 5.36e-02, 1.96e-02, 7.14e-03,
& 3.63e-03, 2.94e-03, 2.88e-03, 2.86e-03, 2.77e-03, 2.64e-03,
& 2.62e-03, 2.58e-03, 2.45e-03, 2.35e-03, 2.23e-03, 2.16e-03,
& 2.11e-03, 1.91e-03, 1.50e-03, 1.09e-03, 8.07e-04, 6.13e-04,
& 4.77e-04, 3.90e-04, 1.96e-04, 5.52e-05, 1.45e-05, 3.83e-06,
& 1.0le-06, 0.0 0.0 /
C
0

c WAVELENGTH IS .860 MICRONS

Ca TROPICAL MOLECULAR ABSORPTION

data at3l/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /
C

c TROPICAL MOLECULAR SCATTERING
C

data at32/
& 1.89e-03, 1.81e-03, 1.64e-03, 1.49e-03, 1.34e-03, 1.22e-03,
& 1.10e-03, 9.92e-04, 8.94e-04, 8.00e-04, 7.16e-04, 6.38e-04,



20

& 5.67e-04, 5.01e-04, 4.43e-04, 3.89e-04, 3.39e-04, 2.92e-04,
& 2.45e-04, 2.03e-04, 1.68e-04, 1.40e-04, 1.17e-04, 9.84e-05,
& 8.35e-05, 7.09e-05, 4.73e-05, 2.16e-05, 1.03e-05, 5.04e-06,
& 2.56e-06, 0.0 , 0.0 /
a
c MIDLATITUDE SUMMER MOLECULAR ABSORPTION
eC

data at33/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0

-". & 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0".0 , 0.0 , 0.0
& 0.0 0.0 0.0 /

o MIDLATITUDE SUMMER MOLECULAR SCATTERING

data at34/
& 1.93e-03, 1.84e-03, 1.66e-03, 1.60e-03, 1.36e-03, 1.22e-03,
& 1.10e-03, 9.90e-04, 8.87e-04, 7.96e-04, 7.11e-04, 6.32e-04,
& 5.60e-04, 4.95e-04, 4.30e-04, 3.67e-04, 3.12e-04, 2.67e-04,
& 2.28e-04, 1.95e-04, 1.66e-04, 1.42e-04, 1.21e-04, 1.03e-04,
& 8.78e-05, 7.50e-06, 5.64e-05, 2.32e-05, 1.11e-05, 5.44e-06,
& 2.79e-06, 1.05e-06, 0.0 /
C

e MIDLATITUDE WINTER MOLECULAR ABSORPTION
0

data at35/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 ,.0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /

o MIDLATITUDE WINTER MOLECULAR SCATTERING
C

data at36/
& 2.09e-03, 1.98e-03, 1.77e-03, 1.58e-03, 1.41e-03, 1.26e-03,
& 1.13e-03, 1.00e-03, 8.92e-04, 7.90e-04[, 6.98e-04, 6.08e-04,
& 5.22e-04, 4.47e-04, 3.84e-04, 3.29e-04, 2.82e-04, 2.42e-04,
& 2.07e-04, 1.77e-04, 1.52e-04, 1.29e-04, 1.10e-04, 9.43e-05,
& 8.06e-05, 6.88e-05, 4.59e-05, 2.07e-06, 9.27e-06, 4.31e-06,
& 2.12e-06, 0.0 0.0 /
C

O SUBARCTIC SUMMER MOLECULAR ABSORPTION
C

data at37/
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
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& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 /
C

c SUBARCTIC SUMMER MOLECULAR SCATTERING
c

* data at38/
& 1.97e-03, 1.87e-03, 1.69e-03, 1.53e-03, 1.37e-03, 1.23e-03,
& 1.11e-03, 9.93e-04, 8.90e-04, 7.95e-04, 7.08e-04, 6.19e-04,
& 5.32e-04, 4.57e-04, 3.93e-04, 3.37e-04, 2.90e-04, 2.50e-04,
& 2.15e-04, 1.85e-04, 1.59e-04, 1.36e-04, 1.17e-04, 1.Ole-04,
& 8.66e-05, 7.41 e-05, 5.Ole-05, 2.35e-05, 1.1le-05, 5.48e-06,
& 2.85e-06, 1.09e-06, 0.0 /
C

c SUBARCTIC WINTER MOLECULAR ABSORPTION
C

data at39/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /
C

c SUBARCTIC WINTER MOLECULAR SCATTERING
C

data at30/
& 2.21e-03, 2.06e-03, 1.81e-04, 1.60e-04, 1.42e-04, 1.27e-04,
& 1.13e-04, 1.01e-04, 8.94e-04, 7.84e-04, 6.76e-04, 5.78e-04,
& 4.94e-04, 4.22e-04, 3.61e-04, 3.08e-04, 2.64e-04, 2.26e-04,
& 1.94e-04, 1.66e-04, 1.42e-04, 1.22e-04, 1.04e-04, 8.89e-05,
& 7.60e-05, 6.49e-05, 4.31e-05, 1.91e-05, 8.60e-06, 3.94e-06,
& 1.88e-06, 0.0 0.0
a

C AEROSOL ABSORPTION- CLEAR

data at3a/
& 1.52e-02, 1.0le-02, 4.41le-03, 1.88e-03, 8.84e-04, 5.58e-04,
& 4.07e-04, 3.29e-04, 3.22e-04, 3.20e-04, 3.10e-04, 2.96e-04,
& 2.94e-04, 2.89e-04, 2.75e-04, 2.64e-04, 2.49e-04, 2.42e-04,
& 2.36e-04, 2.13e-04, 1.68e-04, 1.22e-04, 9.04e-05, 6.86e-05,
& 5.34e-05, 4.36e-05, 2.20e-05, 6.19e-06, 1.63e-06, 0.0
& 0.0 , 0.0 0.0 /
c
c AEROSOL SCATTERING - CLEAR

data at3b/
& 9.03e-02, 5.90.-02, 2.61e-02, 1.11e-02, 5.24e-03, 3.30e-03,
I 2.Ule-03, 1.9k"-03, 1.91e-03, 1.90e-03, 1.83e-03, 1.75e-03,
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& 1.74e-03, 1.71e-03, 1.63e-03, 1.56e-03, 1.48e-03, 1.43e-03,
& 1.40e-03, 1.26e-03, 9.94e-04, 7.25e-04, 5.36e-04, 4.06e-04,
. 3.16e-04, 2.59e-04, 1.30e-04, 3.67e-05, 9.65e-06, 2.54e-06,
& 0.0 , 0.0 , 0.0 /

c AEROSOL ABSORPTION- HAZY
C

data at3e/
& 7.43e-02, 4.49e-02, 1.64e-03, 6.00e-03, 2.19e-03, 8.00e-04,
& 4.07e-04, 3.29e-04, 3.22e-04, 3.20e-04, 3.10e-04, 2.96e-04,
& 2.94e-04, 2.89e-04, 2.75e-04, 2.64e-04, 2.49e-04, 2.42e-04,
& 2.36e-04, 2.13e-04, 1.68e-04, 1.22e-04, 9.04e-05, 6.86e-05,
& 5.34e-05, 4.36e-05, 2.20e-05, 6.19e-06, 1.63e-06, 0.0
& 0.0 0.0 , 0.0 /
a
c AEROSOL SCATTERING - HAZY

4C
data at3d/

& 4.40e-01, 2.66e-01, 9.72e-02, 3.56e-02, 1.30e-02, 4.74e-03,
& 2.4le-03, 1.95e-03, 1.91e-03, 1.90e-03, 1.83e-03, 1.75e-03,
& 1.74e-03, 1.71e-03, 1.63e-03, 1.56e-03, 1.48e-03, 1.43e-03,
& 1.40e-03, 1.26e-03, 9.94e-04, 7.25e-04, 5.36e-04, 4.06e-04,
& 3.16e-04, 2.59e-04, 1.30e-04, 3.67e-05, 9.65e-06, 2.54e-06,
& 0.0 0.0 , 0.0 /
c WVLNT IS 1.06 141CRONS
c
o WAVELENGTH IS 1 .06 MICRONS

C

c TROPICAL MOLECULAR ABSORPTION
C

data at41/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /
C
a TROPICAL MOLECULAR SCATTERING
C

data at42/
& 8.04e-04, 7.68e-04, 6.99e-04, 6.33e-04, 5.72e-04, 5.19e-04,
& 4.69e-04, 4.22e-04, 3.80e-04, 3.4le-0J, 3.04e-04, 2.72e-04,
& 2.41 e-04, 2.13e-04, 1.88e-04, 1.66e-04, 1.44e-04, 1.24e-04,
& 1.05e-04, 8.63e-05, 7.16e-05, 5.96e-05, 4.98e-05, 4.19e-05,
& 3.55e-05, 3.02e-05, 2.Ole-05, 9.20e-06, 4.37e-06, 2.15e-06,
& 1.09e-06, 0.0 , 0.0 /

S
o MIDLATITU.DE SUM4MER MOLECULAR ABSORPTION
C
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data at43/
& 0.0 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 , 0.0 /

c MIDLATITUDE SUMMER MOLECULAR SCATTERING

data at44/
& 8.20e-04, 7.81e-04, 7.06e-04, 5.38e-04, 5.77e-04, 5.21e-04,
& 4.69e-04, 4.21e-04, 3.78e-04, 3.38e-04, 3.02e-04, 2.69e-04,
& 2.39e-04, 2.11e-04, 1.83e-04, 1.56e-04, 1.33e-04, 1.14e-04,
& 9.72e-05, 8.29e-05, 7.O7e-05, 6.02e-05, 5.14e-05, 4.38e-05,
& 3.74e-05, 3.19e-05, 2.15e-05, 9.89e-06, 4.71e-06, 2.31e-06,
& 1.19e-06, 0.0 0.0 /

. MIDLATITUDE WINTER MOLECULAR ABSORPTION

data at45/
& 0.0 0.0 0.0 ,0.0 ,0.0 ,0.0

S& 0.0 0.0 0.0 ,0.0 ,0.0 ,0.0 ,
i& 0.0 0.0 0.0 ,0.0 ,0.0 ,0.0 ,
,& 0.0 0.0 0.0 ,0.0 ,0.0 ,0.0 ,

S& 0."0 0."0  0."0 " 0."0 0."0 0."0

& 0.0 0.0 0.0 /

a MIDLATITUDE WINTER MOLECULAR SCATTERING

data at46/
& 8.91e-04, 8.43e-04, 7.52e-04, 6'.70e-04, 5.99e-04, 5.37e-04,
& 4.80e-04, 4.27e-04, 3.80e-04, 3.36e-04, 2.97e-04, 2.59e-04,
& 2.22e-04, 1.90e-04, 1.63e-04, 1.40e-04, 1.20e-04, 1.03e-04,
& 8.80e-05, 7.53e-05, 6.45e-05, 5.51e-05, 4.70e-05, 4.O1e-05,
& 3.43e-05, 2.83e-05, 1.95e-05, 8.79e-06, 3.95e-06, 1.83e-06,
& 0.0 0.0 0.0

o SUBARCTIC SUMMER MOLECULAR ABSORPTION
C

data at47/
& 0.0 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 , 0.0 , 0.0 , 0.0 , 0.0 ,
& 0.0 0.0 , 0.0 , 0.0 , 0.0 , 0.0

& 0.0 0.0 , 0.0 /
S

o SUBARCTIC SUMMER MOLECULAR SCATTERING

C
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data at48/
& 8.38e-04, 7.98e-04, 7.21e-04, 6.50e-04, 5.84e-04, 5.24e-04,
& 4.71e-04, 4.23e-04, 3.79e-04, 3.38e-04, 3.Ole-04, 2.64e-04,
& 2.26e-04, 1.95e-04, 1.67e-04, 1.44e-04, 1.23e-04, 1.06e-04,
& 9.14e-05, 7.86e-05, 6.75e-05, 5.80e-05, 4.99e-05, 4.29e-05,
& 3.69e-05, 3.15e-05, 2.13e-05, 9.98e-06, 4.73e-06, 2.33e-06,
& 1.21e-06, 0.0 , 0.0 /
c
o SUBARCTIC WINTER MOLECULAR ABSORPTION
C

data at49/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 0.0 0.0 0.0
& 0.0 0.0 0.0 0.0 0.0 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /

c SUBARCTIC WINTER MOLECULAR SCATTERING
C

data at40/
& 9.39e-04, 8.77e-04, 7.70e-04, 6.82e-04, 6.06e-04, 5.40e-04,
& 4.82e-04, 4.29e-04, 3.81e-04, 3.34e-04, 2.88e-04, 2.46e-04,
& 2.10e-04, 1.80e-04, 1.54e-04, 1.31e-05, 1.12e-05, 9.63e-05,
& 8.25e-05, 7.06e-05, 6.06e-05, 5.17e-05, 4.42e-05, 3.78e-05,
& 3.23e-05, 2.76e-05, 1.84e-05, 8.14e-06, 3.66e-06, 1.68e-06,
& 0.0 ,0.0 , 0.0 /

c AEROSOL ABSORPTION - CLEAR

data at4a/
& 1.98e-02, 1.31e-02, 5.71e-03, 2.43e-03, 1.15e-03, 7.23e-04,
& 5.27e-04, 4.27e-04, 4.18e-04, 4.15e-04, 4.Ole-04, 3.84e-04,
& 3.81e-04, 3.75e-04, 3.56e-04, 3.42e-04, 3.23e-04, 3.13e-04,
& 3.06e-04, 2.77e-04, 2.18e-04, 1.59e-04, 1.17e-04, 8.89e-04,
& 6.93e-05, 5.66e-05, 2.85e-05, 8.02e-06, 2.11e-06, 0.0
& 0.0 0.0 o . /

a AEROSOL SCATTERING - CLEAR
a

data at4b/
& 6.79e-02, 4.50e-02, 1.96e-02, 8.36e-03, 3.94e-03, 2.49e-03,
& 1.81e-03, 1.47e-03, 1.44e-03, 1.43e-03, 1.38e-03, 1.32e-03,
& 1.31e-03, 1.29e-03, 1.22e-03, 1.18e-03, 1.11e-03, 1.08e-03,
& 1.05e-03, 9.51e-04, 7.48e-04, 5.45e-04, 4.03e-04, 3.06e-04,
& 2.38e-04, 1.94e-04, 9.79e-05, 2.76e-05, 7.28e-06, 1.91e-06,
& 0.0 , 0.0 0.0 /
c
a AEROSOL ABSORPTION- HAZY
C
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data at4c/
& 9.63e-02, 5.82e-02, 2.13e-02, 7.78e-03, 2.84e-03, 1.04e-03,
& 5.27e-04, 4.27e-04, 4.18e-04, 4.15e-04, 4.Ole-04, 3.84e-04,
& 3.81e-04, 3.75e-04, 3.56e-04, 3.42e-0)4, 3.23e-O4, 3.13e-04,
& 3.06e-04, 2.77e-04, 2.18e-04, 1.59e-04, 1.17e-04, 8.89e-04,
& 6.93e-05, 5.66e-05, 2.85e-05, 8.02e-06, 2.11e-06, 0.0
& 0.0 , 0.0 , 0.0 /
C

c AEROSOL SCATTERING - HAZY
c

data at4d/
& 3.31e-01, 2.00e-01, 7.31e-02, 2.67e-02, 9.76e-03, 3.56e-03,
& 1.81e-03, 1.47e-03, 1.44e-0 3 , 1.43e-03, 1.38e-03, 1.32e-03,
& 1.31e-03, 1.29e-03, 1.22e-03, 1.18e-03, 1.11e-03, 1.08e-03,
& 1.05e-03, 9.51e-04, 7.48e-04, 5.45e-04, 4.03e-04, 3.06e-04,
& 2.38e-04, 1.94e-04, 9.79e-05, 2.76e-05, 7.26e-06, 1.91e-06,
& 0.0 , 0.0 , 0.0 /
c
a

.f WAVELENGTH IS 10.591 MICRONS
~C

o TROPICAL MOLECULAR ABSORPTION

data at5l/
& 5.79e-01, 5.17e-01, 2.85e-01, 1.81e-01, 9.62e-02, 6.29e-02,
& 5.02e-02, 3.99e-02, 3.20e-02, 2.63e-02, 2.07e-02, 1.65e-02,
& 1.29e-02, 1.04e-02, 7.38e-03, 5.85e-03, 4.33e-03, 3.32e-03,
& 3.56e-03, 4.35e-03, 5.19e-03, 6.27e-03, 7.47e-03, 8.35e-03,
& 9.04e-03, 9.91e-03, 1.20e-02, 1.19e-02, 1.10e-02, 8.86e-03,
& 6.04e-03, 9.Ole-04, 1.54e-05/

c TROPICAL MOLECULAR SCATTERING

data at52/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /
c
o MIDLATITUDE SUMMER MOLECULAR ABSORPTION
c

data at53/
& 3.58e-01, 3.26e-01, 1.88e-01, 1.15e-01, 7.58e-02, 5.54e-02,
& 4.47e-02, 3.76e-02, 3.02e-02, 2.38e-02, 1.95e-02, 1.57e-02,
& 1.24e-02, 9.53e-03, 8.34e-03, 8.70e-03, 8.49e-03, 8.36e-03,
& 8.47e-03, 8.56e-03, 8.93e-03, 9.19e-03, 9.72e-03, 1.01e-02,
& 1.1le-02, 1.11e-02, 1.33e-02, 1.32e-02, 1.27e-02, 1.06e-02,
& 7.52e-03, 1.08e-03, 1.74e-05/



26

MIDLATITUDE SUMMER MOLECULAR SCATTERING

data at54/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 ,0.0 ,0.0 , 0.0 , 0.0 , 0.0 ,

& 0.0 0.0 0.0 /
c
c MIDLATITUDE WINTER MOLECULAR ABSORPTION
C

data at55/
& 7 .9 4e-02, 7.31e-02, 5.89e-02, 4.9le-02, 4.04e-02, 3.24e-02,
& 2.62e-02, 2.15e-02, 1.73e-02, 1.40e-02, 1.08e-02, 9.81e-03,
& 9.48e-03, 9.36e-03, 9.34e-03, 9.OOe-03, 8.75e-03, 8.57e-03,
& 8.56e-03, 8.25e-03, 8.Ole-03, 8.19e-03, 8.19e-03, 8.16e-03,
& 8.11e-03, 8.38e-03, 8.09e-03, 6.85e-03, 6.71e-03, 6.02e-03,
& 4.40e-03, 2.74e-04, 1.58e-04/
C
a MIDLATITUDE WINTER MOLECULAR SCATTERING

data at56/
& - 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0

* & 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /
C
a SUBARCTIC SUMMER MOLECULAR ABSORPTION
a

data at57/
& 2.01e-01, 1.82e-01, 1.14e-01, 8.15e-02, 6.09e-02, 4.66e-02,
& 3.74e-02, 2.86e-02, 2.28e-02, 1.79e-02, 1.38e-02, 1.20e-02,
& 1.23e-02, 1.18e-02, 1.23e-02, 1.22e-02, 1.17e-02, 1.22e-02,
& 1.20e-02, 1.20e-02, 1.22e-02, 1.19e-02, 1.21e-02, 1.21e-02,
& 1.20e-02, 1.27e-02, 1.45e-02, 2.Ole-02, 1.40e-02, 1.19e-02,
& 8.19e-03, 1.10e-03, 1.76e-05/
c
c SUBARCTIC SUMMER MOLECULAR SCATTERING
o

data at58/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /
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Cc

data at59/
& 4.12e-02, 4.15e-02, 4.00e-02, 3.52e-02, 3.05e-02, 2.45e-02,

1.93e-02, 1.51e-02, 1.17e-02, 9.59e-03, 8.93e-03, 8.92e-03,
& 8.91e-03, 8.73e-03, 9.11e-03, 8.89e-03, 8.77e-03, 8.56e-03,
& 8.32e-03, 8.21e-03, 7.88e-03, 7.78e-03, 7.52e-03, 7.21e-03,
& 7.33e-03, 6.84e-03, 7.24e-03, 5.78e-03, 5.10e-03, 4.10e-03,
& 3.08e-03, 7.76e-04, 1.79e-05/
a

a SUBARCTIC WINTER MOLECULAR SCATTERING

data at50/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 0.0 0.0 0.0
& 0.0 0.0 0.0 0.0 0.0 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0

i & 0.0 0.0 0.0 /

a AEROSOL ABSORPTION- CLEAR

data at5a/
& 5.48e-03, 3.64e-03, 1.58e-03, 6.75e-04, 3.18e-04, 2.01e-04,
& 1.46e-04, 1.18e-04, 1.16e-04, 1.15e-04, 1.11e-04, 1.06e-04,
& 1.06e-04, 1.04e-04, 9.89e-05, 9.49e-05, 8.97e-05, 8.69e-05,
& 8.50e-05, 7.68e-05, 6.04e-05, 4.40e-05, 3.25e-05, 2.47e-05,
& 1.92e-05, 1.57e-05, 7.90e-06, 2.23e-06, 0.0 , 0.0
& 0.0 0.0 0.0 /
C

o "AEROSOL SCATTERING - CLEAR

data at5b/
& 4.65e-03, 3.09e-03, 1.34e-03, 5.73e-04, 2.70e-04, 1.70e-04,
& 1.24e-04, 1.00e-04, 9.83e-05, 9.77e-05, 9.45e-05, 9.04e-05,
& 8.96e-05, 8.83e-05, 8.39e-05, 8.05e-05, 7,61e-05, 7.38e-05,
& 7.21e-05, 6.51e-05, 5.12e-05, 3.74e-05, 2.76e-05, 2.09e-05,
& 1.63e-05, 1.33e-05, 6.7le-06, 1.89e-06, 0.0 , 0.0
& 0.0 0.0 0.0 /
c
a AEROSOL ABSORPTION- HAZY
c

data at5c/

& 2.67e-02, 1.61e-02, 5.90e-03, 2.16e-03, 7.88e-04, 2.88e-04,
& 1.46e-04, 1.18e-04, 1.16e-04, 1.15e-04, 1.11e-04, 1.06e-04,
& 1.06e-04, 1.04e-04, 9.89e-05, 9.49e-05, 8.97e-05, 8.69e-05,
& 8.50e-05, 7.68e-05, 6.04e-05, 4.40e-05, 3.25e-05, 2.47e-05,
& 1.92e-05, 1.57e-05, 7.90e-06, 2.23e-06, 0.0 , 0.0
& 0.0 ,0.0 ,0.0 /
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AEROSOL SCATTERING - HAZY

C

data at5d/
& 2.27e-02, 1.37e-02, 5.Ole-03, 1.83e-03, 6.68e-04, 2.44e-04,
& 1.24e-04, 1.00e-04, 9.83e-05, 9.77e-05, 9.45e-05, 9.04e-05,
& 8.96e-05, 8.83e-05, 8.39e-05, 8.05e-05, 7.61e-05, 7.38e-05,
& 7.21e-05, 6.51e-05, 5.12e-05, 3.74e-05, 2.76e-05, 2.09e-05,
& 1.63e-05, 1.33e-05, 6.71e-06, 1.89e-06, 0.0 , 0.0
& 0.0 0.0 0.0 /

c OPTIONAL STORAGE FOR INPUT DATA
a
c TROPICAL MOLECULAR ABSORPTION

• C
data at6l/

& 0.0 0.0 ,0.0 , , 0.0 , 0.0
& 0.0 0.0 0.0 0.0 0.0 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 ,0.0 0.0 /
c
a TROPICAL MOLECULAR SCATTERING
C

data at62/
& 0.0 0.0 0.0 , 0.0 , 0.0 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /

iC

S MIDLATITUDE SUMMER MOLECULAR ABSORPTION

data at63/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /
C

o MIDLATITUDE SUMMER MOLECULAR SCATTERING

data at64/
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , O.C , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
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& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 ,0.0 ,0.0 /
C
o MIDLATITUDE WINTER MOLECULAR ABSORPTION
c

data at65/
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 ,0.0 ,0.0 ,0.0 ,0.0 ,0.0

& 0.0 ,0.0 0.0 /

o MIDLATITUDE WINTER MOLECULAR SCATTERING
c

data at66/
& 0.00 .0 0 .0 0.0 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 0.0 0.0 0.0
& 0.0 ,0.0 0.0 /
a
a SUBARCTIC SUMMER MOLECULAR ABSORPTION
C

data at67/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0. /

o SUBARCTIC SUMMER MOLECULAR SCATTERING

data at68/
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 ,0.0 ,0.0 /
a
a SUBARCTIC WINTER MOLECULAR ABSORPTION

data at69/
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 , 0.0 , 0.0 , 0.0 , 0.0
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& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 ,0.0 ,0.0 /
C

c SUBARCTIC WINTER MOLECULAR SCATTERING
C

data at60/
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0

N. & 0.0 0.0 0.0 0.0 0.0 0.0
. & 0.0 , 0.0 0.0 , 0.0 , 0.0 , 0.0

& 0.0 ,0.0 0.0 /
c

a AEROSOL ABSORPTION - CLEAR
C

data at6a/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0

" & 0.0 0.0 0.0 ,0.0 ,0.0 ,0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 ,0.0 ,0.0 /

c AEROSOL SCATTERING- CLEAR

data at6b/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 /
C

a AEROSOL ABSORPTION - HAZY

data at6c/
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0..0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0
& 0.0 0.0 0.0 , 0.0 , 0.0 , 0.0 ,
& 0.0 0.0 0.0 /
c
a AEROSOL SCATTERING - HAZY

data at6d/
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0
& 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0



31

& 0.0 ,0.0 ,0.0 ,0.0 ,0.0 ,0.0

& 0.0 ,0.0 10.0 ,0.0 ,0.0 ,0.0
& 0.0 ,0.0 ,0.0 /

end
C.

subroutine tshare (nstop)

common/atmos! alfa(5,2),alfsct,alfab,ia,ab(33),as(33),at33,14,6)
& ,mat,mvis

kcommon/t'lags/mode ,moomp, mp, lam,modesw, lunit ,nout, istog, jotype,
& irtype,ihet,ibflag,iw

common! tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common! rdata / blr,dr,br,gl,bdlr
common/ srdata / asr,hs,phi,phiaz,dphi
common! idata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw

a darki & ptherm replace pnep, add g *
common/ sndata / bwr,eta,t,em,pb,ps,darki,ptherm,snpndb,sndb,xm,

-4i & bwopt,nflg,g
common! stgout / nvel ,svel, avel ,ndown,ncros,numtot,hvnear,

& hv±ar,xdis,hdis,hdisdf,xclos,hclos,hclsdf,kount
common /pltc / xint(200) ,yint(200) ,h(200) ,dcomp(2),np,note

c *srdark & srther replace srpnep
common/blockl/xmod(6) ,gainsrC6) ,qe(6) ,fnoise(6) ,srbw(6),

& srdark(6),srther(6),alamda(6),obw(6),nholC6)
common! tbsdf / ng,gstartC3) ,gend(3) ,gampl(3) ,ybsdf,sbsdff,nbak,noa

& ,ibsdf'
COmmon/rsct/oasmax,difffoa,oafwhm,bmaxs,bfwhms,bdiff(6) ,psiaz,psiel

& ,gams
c *add labeled common wavefm

common/ wavefm /npts,t,fformO(1000) ,torml(1000) ,powerO(lOOO),
& powerl (1000)

logical prompt, change
data prompt,change/.true., .talse./
data onedeg,pi,r2d/.0174532925,3.14I1592654,57 .29577951/
data hatm/1 00000.!

a SWITCH FLAG -- DEPENDS ON FILE STRUCTURE =MODESW
c LOGICAL UNIT NUMBER FOR TERMIN~AL INPUT =LUNIT
c
a IF FIRST CALL GO DIRECTLY TO INPUT LIST

if (nstop.eq.0) go to 10
nst op= 1

c
a IF LAST CALL TO TSHARE, TERMINATE RUNS
a

write (6,1220)
read (lunit,1890,end=650) nstop
if (nstop.eq.1) go to 680
nstop=10

-.............
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go to 700

c WAVELENGTH, LAM AND ALANDA
10 nim=1

if' (.not.prompt) write (6,750) aximn
if' (prompt) write (6,1230) nim,lam
read (lunit,1890,end=650) lam
if' (lam.ne.6) go to 20
write (6,1240O)
read (lunit,1890 ,end=650) alamda(6)

20 alam~alamda(lam)
if (change) change=.not.ohange

a
c ATMOSPHERIC COEFFICIENTS
30 nim=28

if' (.not.prompt) write (6,760) nim
if' (prompt) write (6,1250) nim,ia
read (lunit,1890,end=650) ia

4. if (ia.eq.2) go to 40O
o SET DEFAULT ATMOSPHERIC COEFFICIENTS

alt'setzalta(lam, 1)

o alt'ab~alt'a(lam,2)

ALLOWS USER TO OVERRIDE DEFAULT VALUES

write (6,1310) alfsct
read (lunit,1890,end=650) alt'set
write (6,1320) alfab
read (lunit,1890,end=650) alt'ab
go to 70

~40 it' (lam.ne.6) go to 50

a READ IN DATA FOR NEW WAVELENGTH

write (6,1300)
read (lunit,1890,end=650) natfil
if' Cnatt'il.le.O) go to 10
read (natt'il,1210) ((at(i,J,6),j=1,1l4),i=1,33)

o AFGL OPTIONS FOR ATMOSPHERIC MODEL AND VISIBILITY

50 write (6,1280) mat
read (lunit,1890,end=650) mat
write (6,1290) mvis
read (lurit,1890,end=650) mvis

c
c LOAD THE ABSORPTION AND SCATTERING ARRAYS AB AND AS

mati s2'mat-1
mat2:-matl .1
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mvisl =1O+2*mvis-1
mvis2=mvisl+
do 60 j=1,33
ab(j)=(at(j,matl,lam)+at(j,mvisl ,lam))*1.e-3

60 as(j)=(at(j,mat2,lam)+at(j,mvis2,1am))* .e-3
70 if (change) go to 670
C

c TRANSMITTER OPTICS DIAMETER, DT
80 nim-2

if (.not.prompt) write (6,770) nim
if (prompt) write (6,1330) nim,dt
read (lunit,1890,end=650) dt
if (change) go to 670

c
a TRANSMITTER BEAMWIDTH, PHIT
90 nim=3

if (.not.prompt) write (6,780) nim
if (prompt) write (6,1340) nim,phit
read (lunit,1890,end=650) phit

o CHECK TO SEE IF DIFFRACTION LIMIT IS EXCEEDED
diffl=1.22*alamda(lam)/dt
if (phit.gt.diffl) go to 100
write (6,1270) diffl
go to 90

100 if (change) go to 670

c BSDF PARAMETERS
110 nim=31

if (prompt) write (6,1350) nim,ibsdf
read (lunit,1890,end=650) ibsdf
if (ibsdf.eq.1) go to 130
write (6,1360) ybsdf
read (lunit,1890,end=650) ybsdf
write (6,1370) sbsdf
read (lunit,1890,end=650) sbsdf
write (6,1380) ng
read (lunit,1890,end=650) ng
if (ng.eq.O) go to 130
do 120 i=1,ng
write (6,1390) i,gstart(i),i,gend(i),i,gampl(i)
read (lunit,1890,end=650) gstart(i),gend(i),gampl(i)

120 continue
130 if (change) go to 670

, C

o LINK RECEIVER OPTICS DIAMETER, DR
140 him=4

if (.not.prompt) write (6,790) nim
if (prompt) write (6,1400) nim,dr
read (lunit,1890,end=650) dr
if (change) go to 670

LI
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C

o BACKSTOP PARAMETERS
150 nim=32

write (6,1430) nim,nbak
read (lunit,1890,end=650) nbak
if (nbak.eq.1) go to 170
if (nbak.eq.2) go to 160
write (6,1450)
read (lunit, 1890,end=650) bdiff(lam)
bmaxs=bdiff(lam)
go to 170

160 write (6,1440) bmaxs,bfwhms,bdiff(lam)
read (lunit,1890,end=650) bmaxs,bfwhms,bdiff(lam)

170 if (change) go to 670
a
e ORIENTATION OF BACKSTOP
180 nim= 44

psiaz=psiaz*r2d
if (.not.prompt) write (6'.800) nim

if (prompt) write (6,'i10) nim,psiaz
read (lunit,1890,end=650) psiaz
psiaz=psiaz/r2d

psielzpsiel*r2d
if (.not.prompt) write (6,810)
if (prompt) write (6,1420) psiel
read (lunit,1890,end=650) psiel
psiel= psiel/r2d
if (change) go to 670

a

o RECEIVER OPTICS REFLECTION PARAMETERS
190 nim=33

if (prompt) write (6,1460) nim,noa
read (lunit,1890,end=650) noa
if (noa.eq.1) go to 200
write (6,1470) oasmax,oafwhm,diffoa
read (lunit,1890,end=650) oasmax,oafwhm,diffoa

200 if (change) go to 670

o LINK TRANSMIT POWER (OUT OF OPTICS), PT
210 nim=6

if (.not.prompt) write (6,620) nim
if (prompt) write (6,1480) nim,pt
read (lunit,1890,end=650) pt
if (change) go to 670

a

c LINK RANGE, RL
220 nim=8

if (.not.prompt) write (6,840) nim
if (prompt) write (6,1500) nim,rl
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read (lunit,1890,end=650) rl
if (change) go to 670

o LINK TRANSMITTER ALTITUDE, HT
230 nim=9

if (.not.prompt) write (6,850) aim
if (prompt) write (6,1510) nim,ht
read (lunit,1890,end=650) ht
if (change) go to 670

a

o LINK RECEIVER ALTITUDE, HR
240 nim=10

if (.not.prompt) write (6,860) nim
if (prompt) write (6,1520) nim,hr
read (lunit,1890,end=650) hr
if (change) go to 670

c
o SPACE TO GROUND FLAG

-~250 nim=34
if (.not.change) go to 260

c IF SWITCH TO STOG THEN MUST REDO REST OF INPUTS
change=. not. change
write (6,1260)
go to 10

260 if(ht.lt.hatm) go to 275
if (.not.prompt) write (6,870) nim
if (prompt) write (6,1530) nim,istog
read (lunit,1890,end=650) istog

C

o REST OF SPACE TO GROUND INPUTS
C

c * jump to get turbulence for narrow beam analysis
275 if (istog.eq.O) go to 320

mcomp=1

a
c PERPENDICULAR DISTANCE TO CENTER OF BEAM
270 nim=35

if (.not.prompt) write (6,880) nim
if (prompt) write (6,1540) nim,x
read (lunit,1890,end=650) x
if (change) go to 670

c

c ELEVATION ANGLE OF SR
280 nim=36

if (.not.prompt) write (6,890) nim
thetaftheta*r2d
if (prompt) write (6,1550) nim,theta
read (lunit,1890,end=650) theta
theta-theta/r2d
if (change) go to 670
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o ALTITUDE AT GROUND LEVEL
290 riim=39

if (.not.prompt) write (6,950) nim
if (prompt) write (6,1610) nim,gl
read (lurit,1890,end=650) gi
if (change) go to 670

a FLAG FOR STOG INPUTS, IBFLAG
300 nim=46

if (.rot.prompt) write (6,900) rdm
if (prompt) write (6,1560) nim,ibflag
read (lunit,1890,end=650) ibfiag

if (ibflag.eq.2) go to 330

TOTAL JITTER,SIGJ
310 nim=I47

if (.rot.prompt) write (6,910) ram
if (prompt) write (6,1570) rim,sigj
read (lunit,1890,end=650) sigJ

a
c TURBULENCE FLAG, IW
320 ramu48

if (.riot.prompt). write (6,920) ram
if (prompt) write (6,1580) nim,iw
read (lunit,1890,end=650) iw
if (change) go to 670

a jump out if narrow beam analysis
if (istog.eq.0) go to 350
go to 4190

C
o RADIUS OF LINK BEAM

330 niin=37
if (.not.prompt) write (6,930) ram
if (prompt) write (6,1590) ram,rb
read (lunit,1890,end=650) rb

a
a EQUIVALENT POWER PER SQ.M
3410 nim=38

if (.not.prompt) write (6,9410) aim
if (prompt) write (6,1600) ram,grndi
read (lunit,1890,end=650) grndi
if (change) go to 670

go to 4190

a COMPUTATION FLAG, MCOMP
a MCOMP21 COMPUTE POWER RECEIVED
o COMP=2 COMPUTE S/N
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350 nim-25
if (.not.prompt) write (6,980) nim
if (prompt) write (6,1640) nim,mcomp
read (lunit,1890,end=650) mcomp
if (change) change=.not.change

c
o IF POWER IS THE DESIRED OUTPUT THE DE7ECTOR PARAMETERS ARE SKIPPED
oC
c MP = 1 ALL SOURCES INCLUDED
C 2 ATMOSPHERIC CONTRIBUTION ONLY
c 3 TRANSMITTER CONTRIBUTION ONLYi c 4 RECEIVER AND BACKSTOP CONTRIBUTION

C
360 nim=5

if (.not.prompt) write (6,990) aim
if (prompt) write (6,1650) nim,mp
read (lunit,1890,end=650) mp
if (change) go to 670

C

if (momp.eq.1) go to 490

370 nim=13

if (.not.prompt) write (6,1200) aim
if (prompt) write (6,1660) nim,irtype
read (lunit,1890,end=650) irtype

a
e DEFAULT SR PARAMETERS IF DESIRED
O

xm=xmod(lam)
g=gainsr(lam)
eta=qe(lam)
f=fnoise(lam)
bwr=srbw(lam)

o * set wavelength default values for darki & ptherm
darki=srdark(lam)
pthermzsrther(lam)
bwopt-obw(lam)

if (irtype.ne.1) go to 380
if (change) go to 670
go to 470

c

e INPUT USER SUPPLIED PARAMETERS
a
c MODULATION DEPTH, XM
380 nim=114

if (.not.prompt) write (6,1000) nim
if (prompt) write (6,1670) nim,xm
read (lunit,1890,end=650) xm
if (change) go to 670
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o DETECTION TYPEIHET
390 nim=115

ihet=1
if (alam.lt.2.e-6) go to 4100
if (.not.prompt) write (6,1010) nim
if (prompt) write (6,1680) nim,ihet
read (lunit,1890,end=650) ihet

4100 if (change) go to 670

o HETERODYNE MIXCING EFFICIENCY, EM
4110 nim=15

if(ihet.eq.1) go to 4115
if (.riot.prompt) write (6,1020) nim
if (prompt) write (6,1690) nim,em

1* read (lunit,1890,end=650) em
415 if (change) go to 670
c

c QUANTUM EFFICIENCY, ETA
1120 nim=16

if (.not.prompt) write (6,1030) nim
if (prompt) write (6,1700) nim,eta
read (lunit,1890,end=650) eta
if (change) go to 670

a
a add detector gain

c DETECTOR GAIN
1135 nim=52

if (ihet.eq.2) go to 1110
if (.not.prompt) write (6,1035) nim
if (prompt) write (6,1705) nim,g
read (lunit,1890,end=650) g
if (change) go to 670

* C
a NOISE ASSOCIATED WITH GAIN, F
1130 nim=17

if (.not.prompt) write (6,10410) nim
if (prompt) write (6,1710) nim,f
read (lunit,1890,end=650) f
if (change) go to 670

a
a SR BANDWIDTH, BWR
1140 nim=18

if (.not.prompt) write (6,1050) nim
if (prompt) write (6,1720) nim,bwr
read (lunit,1890,end:650) bwr
if (change) go to 670

c *due to fundamental difference in resulting noise statistics
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c lumped noise parameter pnep must be separated into darki & ptherm *
a THERMAL NOISE POWER, PTHERM, & DARK CURRENT, DARKI
450 nim=19
C

if(ihet.eq.2) go to 451
if (.not.prompt) write (6,1060) nim
if (prompt) write (6,1730) nim,ptherm
read (lunit,1890,end=650) ptherm
if (.not.prompt) write (6,1065) aim
if (prompt) write (6,1735) nim,darki
read (lunit,1890,end=650) darki

451 if (change) go to 670

o SR OPTICAL BANDWIDTH
460 nim=29

if (.not.prompt) write (6,1070) nim
if (prompt) write (6,1740) nim,bwopt
read (lunit,1890,end=650) bwopt
if (change) go to 670

c DAY/NIGHT SWITCH FOR BACKGROUND NOISE COMPUTATION
470 nim=30

if(ihet.eq.2) go to 471
if (.not.prompt) write (6,1080) nim
if (prompt) write (6,1750) nim,nflg
read (lunit,1890,end=650) nflg

471 if (change) go to 670

C

a LINK INFORMATION BANDWIDTH, BW
480 nim=7

if (.not.prompt) write (6,830) nim
if (prompt) write (6,1490) nim,bw
read (iunit,1890,end=650) bw
if (change) go to 670

c
c SR APERTURE AREA
490 nim=12

if (.not.prompt) write (6,970) nim
if (prompt) write (6,1630) nim,asr
read (lunit,1890,end=650) asr
if (change) go to 670

c
c SR LINEAL FIELD OF VIEW, PHI
500 nim=11

if (.not.prompt) write (6,960) nim
if (prompt) write (6,1620) nim,phi
read (lunit,1890,end=650) phi
if (change) go to 670
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C
c SR LINEAL FIELD OF VIEW (AZIMUTH), PHIAZ
510 if (mcomp.ne.2.and.istog.eq.0) go to 520

im=40
if (.not.prompt) write (6,1090) aim
if (prompt) write (6,1760) nim,phiaz
read (lunit,1890,end=650) phiaz
if (change) go to 670

a TRANSMITTER HOOD LENGTH, BLT
520 nim=20

if (.not.prompt) write (6,1100) nim
if (prompt) write (6,1770) nim,blt
read (lunit,1890,end=650) :,it

C
o TRANSMITTER HOOD DIAMETER, BDRT
530 nim-42
o SET DEFAULT VALUE z TO OPTICS DIAMETER

4' bdrt=dt
if (blt.eq.O.) go to 540
if (.not.prompt) write (6,1110) nim
if (prompt) write (6,1780) nim,bdrt
read (lunit,1890,end=650) bdrt
if (change) go to 670

c
c RECEIVER HOOD LENGTH, BLR
540 nim=21

if (.not.prompt) write (6,1130) aim
if (prompt) write (6,1790) im,blr
read (lunit,1890,end=650) bir

C

o RECEIVER HOOD DIAMETER, BDLR
550 nim=43
c SET DEFAULT VALUE = TO OPTICS DIAMETER

bdlr=dr
if (blr.eq.C.) go to 560
if (.not.prompt) write (6,1120) aim
if (prompt) write (6,1800) im,bdlr
read (lunit,1890,end=650) bdlr
if (change) go to 670

c
c SR ALTITUDE, HS
560 aim=22

if (istog.eq.0) go to 570
if (.not.prompt) write (6,1140) aim
if (prompt) write (6,1810) nim,hs
read (lunit,1890,end=650) hs

570 if (change) go to 670
c
C ANGLE OF INTERCEPT PLANE, GAMINT
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580 nim:Ii1
if (istog.eq.1) go to 590
if (.not.prompt) write (6,1160) nim
gamd=gamint'r2d
if (prompt) write (6,1830) nim,gamd
read (lunit,1890,end:650) gamd
gamint~gamd/r2d

590 if (change) go to 670
a

600 if (istog.eq.1) go to 660
nim=26
if (.not.prompt) write (6,1150) nim
if (prompt) write (6,1820) nim,mode
read (5,1890,end=650) mode

c * Pr(e) analysis not valid for heterodyne case
0 PE(E) ANALYSIS NOT VALID FOR HETERODYNE RCVR'4 if (mode.eq.6.and.ihet.eq.2) go to 605
a add additional branching for mode6

I if (mode.eq.6) go to 610
if (mode.ge.Z4.and.mode.1t.7) go to 630
if (mode.ne.7) go to 610
write (6,1870)
write (6,1880)

GO toC TO LLO FOR CHANGE OF DECTECTION TYPE

60 if (change) changez.not.change

* c add branching for mode 6
62 if (mode.gt.3.and.mode.ne.6) go to 630nim=23

7 if (.not..Prompt) write (6,1170) nim
if (prompt) write (6,1840) nim,rpxj
read (lunit,1890,end=650) rpx
if' (change) go to 670

a
a add branching for mode 6
630 it (mode-gt.3.and.mode.ne.6) go to 64~0

rnin= 21
if (.not.prompt) write (6,1180) aim
if (prompt) write (6,1850) nim,x
read (lunit,189O,end=650) x
if (change) go to 670

a
a inputs tor Pr(eO analysis - theta,t,npts,form,'orml
635 it (mode.ne.6) go to 660

~~"ANA&
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c HAVE SR PARAMETERS NEEDED FOR MODE 6 BEEN INPUT?

if (mcomp.eq.2) go to 636
mcomp= 2
change= .not.change
go to 350

C

636 nim=49
if (.not.prompt) write (6,890) nim
theta=theta*r2d
if (prompt) write (6,1865) nim,theta
read (lunit,1890,end=650) theta

* theta=theta/r2d
if (change) go to 670

C

c BIT INTERVAL TIME, T
637 nim=50

if (.not.prompt) write (6,891) nim
if (prompt) write (6,1866) nim,t
read (lunit,1890,end=650) t

* ' if (change) go to 670

SAMPLED SIGNAL WAVEFORMS, NPTS, FORMO & FORM'
638 nim=51

if (.not.prompt) write (6,892) nim
if (prompt) write (6,1867) nim,npts
read (lunit,1890,end=650) npts
if (npts.eq.2*(npts/2)) go to 638
write (6,893)
read (lunit,1890,end=650) (formO(i),i=1,npts)
write (6,894)
read (lunit,1890,end=650) (forml(i),i=l,npts)
if (change) go to 670
go to 660

C
640 if (mode.1t.4) go to 660

nim--27
if (.not.prompt) write (6,1190)
if (prompt) write (6,1860) nim,dcomp(mcomp)
read (lunit,1890 ,end=650) dcomp(mcomp)
if (change) go to 670
go to 660

c
a PROMPT SWITCH
c TWO SCHEMES ARE POSSIBLE, ONE USING SEVERAL FILES
c ON THE SAME LOGICAL UNIT, THE OTHER USING INCREMENTING
c LOGICAL UNIT NUMBERS. IN EACH CASE SEVERAL FILES MUST BE
c ALLOCATED TO THE TERMINAL SINCE EACH TIME THE PROMPT SWITCH
c IS USED THE CURRENT TERMINAL INPUT FILE IS TERMINATED.
c
650 promptffi.not.prompt
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if (modesw.eq.2) lunit=lunit 1
go to 690

C

660 write (6,710)
go to 680

c
670 write (6,720)

read (lunit,1890) nim
if (nim.eq.0) go to 680
go to 690

680 change=.false.
write (6,730)
read (lunit,1890) ic
if (ic.eq.3) go to 10
if (ic.eq.2) go to 700

t change=.true.
write (6,740)
read (lunit,1890) nim

a * add input code branch points *
690 go to (10,80,90,140,360,210,480,220,230,240,500,490,370,380,410,42
& 0,430,440,450,520,540,560,620,630,350,600,640,30,460,470,110,150,1
& 90,250,270,280,330,340,29P,510,580,530,550,180,390,300,310,
& 320,635,637,638,435), nim
-700 return
a
o FORMAT STATEMENTS FOR PARTIAL PROMPT MODE
c

710 format (//,10x,"end of inputs")
720 format (10x,"next input? if none, enter 0")
730 format (10x,"do you wish to change anything? 1-yes 2-no 3-all")
740 format (10x,"which input? enter input code.")

4 750 format (3x,i3,4x,"lamda ",2x,i3)
760 format (3x,i3,4x,"ia ",2x,i3)
770 format (3x,i3,4x,"dt ",2x,f7.3)
780 format (3x,i3,4x,"phit ",2x,lpell.3)
790 format (3x,i3,4x,"dr ",2x,f7.3)
800 format (3x,i3,4x,"psiaz ",2x,f7.3)
810 format (10x,"psiel ",2x,f7.3)

820 format (3x,i3,4x,"pt ",2x,lpell.3)
830 format (3x,i3,4x,"bw ",2x,lpell.3)
840 format (3x,i3,4x,"rl ",2x,lpell.3)
850 format (3x,i3,4x,"ht ",2x, Ipe11.3)
86C format (3x,i3,4x,"hr ",2x,lpell.3)
870 format (3x,i3,4x,"istog ",2x,i3)
880 format (3x,i3,4x,"x ",2x,lpell.3)
890 format (3x,i3,4x,"theta ",2x,lpell.3)
891 format (3x,i3,4x,"t ",2x,lpell.3)
892 format (3x,i3,4x,"npts ",2x,i3)

.1i
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893 format Cl0x,"space waveform")
894~ format (10x,"mark waveform"t)
900 format (3x,i3,4x,"ibflag"I,2x,i3)
910 format (3x,i3,4x,"sigj "1,2x,1pe11.3)
920 format (3x,i3,4x,l"iw ",2x,i3)
930 format (3x,i3,4x,"rb ff,2x,lpell.3)
940 format (3x,i3,4x,"grndi ",2x,lpell.3)
950 format (3x,i3,4x,"gl "f,2x,lpell.3)
960 format (3x,i3,4x,"phi ,2x,lpell-3)
970 format (3x,i3,4x,"asr ",2x,lpell.3)
980 format (3x,i3,4x,"mcomp ",2x,i3)
990 format (3x,i3,4x,"mp ",2x,i3)
1000 format (3x,i3,4x,'xm "f,2x,f7.3)
1010 format (3x,i3,4x,ftihet ",2x,i3)
1020 format C3x,i3,4xOem I",2x,f7.3)
1030 format (3x,i3,4x,"eta ",2x,17.3)
1035 format (3x,i3,4x,"g ",2x,f7.3)

1040 formt (3~i3,x,"f ",xf 7.3
1050 format (3x,i3,4x,"bw ,2x,f7el.3)
1060 format (3x,i3,4x,"pthrm"f,2x,lpell.3)
1065 format (3x,i3,4x,"dahri",2x,lpell.-3)

k. 1070 format (3x,i3,4x,"bwopt ",2x,lpell.3)
1080 format (3x,i3,4x,"niot ",2x,i3)l-3
1090 format (3x,i3,4x,"pitz ",2x,lpl3)
100 format (3x,i3,4x,"blta ",2x,lpel.3)
1110 format (3x,i3,Z4x,"bdrt R,2x,f7.3)
1120 format (3x,i3,4x,"bdr ",2x,f7.3)
1130 format C3x,i3,4x,ublr ",2x,f7.3)
1130 format (3x,i3,4x,ffhs ff,2x,lpell3)
1150 format (3x,i3,4x,"mod ",2x,i3)l-3
1160 format (3x,i3,4x,"mint ",2x,i3)
1170 format (3x,i3,4x,"rpx n",2x,lpl3)
1180 format (3x,i3,4x,lrx "f,2x,1pell.3)
1190 format (3x,i3,4x,"dcm ",2x~pi3) 3
1200 format (3x,i3,4x,"irtype",2x,i3)
1210 format C3x,i3Cx~fpe9.2)) 2xi3
1220 format (l6x, "o ouwatanthr un -ys -n"
120fra ax"oyuwn nte u?1ys 2n"

o FORMAT STATEMENTS FOR FULL PROMPT MODE

1230 format (3x,i3,4x,"lam -- wavelength index 2x
& 13,/10x,"(1-.5145 2-.6328 3-.85 4-1.06 5-10.591 6-other)")
1240 format (l0x,"enter wavelength in meters"f)
1250 format (3x,i3,4x,"ia -- atmospherics (1-user 2-afgl) ",2x,i3)
1260 format (10x,"if changing to or from space to ground analysis, "

& "must input all values")
1270 format (l0x,"diffraction limit is ",lpell.3," radians")
1280 format (l0x,"mat -- atmospheric model ",2x,i3,/,
& 20x,"1 - tropical",/,20x,"2 - midlatitude summer",/,20x,
& "3 -midlatitude winter",/,20x,"4 - subarctic summer",/,20x,
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& "5 - subarctic winter")
1290 format (lOx,"mvis -- visibility (1-clear 2-hazy) ",2x,i3)
1300 format (10x,"which input file? must be allocated (eg.4)",/,1Ox,
& "0 - skip back to top of inputs")
1310 format (10x,"alfsct -- atmospheric scattering coef, 1/m",2x,
& lpell.3)
1320 format (10x,"alfab -- atmospheric absorption coef, 1/m",2x,
& lpell.3)
1330 format (3x,i3,4x,"dt -- transmitter optics dia.meter, m ",2x,
& f7.3)
1340 format (3x,i3,4x,"phit -- transmitter beamwidth, radians ",2x,
& lpe11.3)
1350 format (3x,i3,4x,"ibsdf -- bsdf (1-default, 2-user) ",2x,
& 13)
1360 format (10x,"ybsdf -- bsdf y-intercept at 1 degree ",2x,
& lpell.3)
1370 format (10x,"sbsdf -- bsdf slope (log-log) "12x,
& lpell.3)
1380 format (lOx,"ng -- number of glitches (0 - 3) ",2x,i3)
1390 format (1Ox,"enter --",/,15x,"gstart(",i1,") - start of glitch ",
& "(degrees)",4x,Opf7.2,/,15x,"gend(",i1,") - end of glitch ",
& "(degrees)",8x,Opf7.2,/,15x,"gampl(",i1,") - amplitude of glitch",
& 11x,lpe12.4)
1400 format (3x,i3,4x,"dr -- link receiver optics diameter, m",2x,
& f7.3)
1410 format (3x,i3,4x,"psiaz -- az. orientation of backstop (deg) ",
& 2x,f7.3,/,21x," 0 - normal to beam")
1420 format (10x,"psiel -- el. orientation of backstop (deg) ",2x,
& f7.3,/,21x," 0 - normal to beam")
1430 format (3x,i3,4x,"nbak -- backstop (1-default, 2-user, ",
& "3-lambertian) ",2x,i3)
1440 format (10x,"enter -- bmaxs, bfwhms, bdiff "/21x,f8.4,2x,f8.4,
& 2x,f8.4)
1450 format (Ifx,"bdiff -- diffuse reflectance (0 to 1) ",2x,/,
& 20x,"(lambertian model, eg. .1)",f7.3)
1460 format (3x,i3,4x,"noa -- rcvr scatter (1-default, 2-user)",2x,
& 13)
1470 format (10x,"enter -- oasmax, oafwhm, diffoa "/21x,f8.4,2x,f8.4,
& 2x,f8.4)
1480 format (3x,i3,4x,"pt -- transmit power, watts ",2x,
& 1pell.3)
1490 format (3x,i3,4x,"bw -- link bandwidth, hz ",2x,
& lpell.3)
1500 format (3x,i3,4x,"rl -- link range, meters ",2x,
& lpell.3)
1510 format (3x,13,4x,"ht -- altitude of transmitter, meters ",2x,
& lpell.3)
1520 format (3x,i3,4x,"hr -- altitude of link receiver, m ",2x,
& lpell.3)
1530 format (3x,i3,4x,"istog -- space to ground (0-no, 1-yes) ",2x,
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& 13)
1540 format (3x,i3,4x,"x - sr distance, to beam center, m ",2x,
& lpell.3)
1550 format (3x,i3,4x,"theta -- zenith angle of sr, deg ",2x,
& lpell.3)
1560 format (3x,13,4x,"ibflag -- inputs using turbulence 1-yes 2-no",
& 2x,i3)
1570 format (3x,i3,4x,"sigj -- total jitter, rad ",2x,
& lpell.3)
1580 format (3x,i3,4x,"iw -- turbulence ",2x,
& 13,/,21x,"1-severe 2-moderate 3-mild")
1590 format (3x,i3,4x,"rb -- radius of link beam, m 2x,
& lpell.3)
1600 format (3x,i3,4x,"grndi -- equivalent irradiance, watts/sq.m",2x,
& lpell.3)
1610 format (3x,i3,4x,"gl -- altitude at ground level, m ",2x,
& lpell.3)
1620 format (3x,i3,4x,"phi -- sr field of view, radians ",2x,
& lpell.3)
1630 format (3x,i3,4x,"asr -- area of sr aperture, sq. meters ",2x,
& lpell.3)
1640 format (3x,i3,4x,"mcomp -- compute 1-power 2-s/n ratio ",2x,
& 13)
1650 format (3x,i3,4x,"mp -- source? 1-sum, 2-atm, 3-tr, 4-rc",2x,
& 13)
1660 format (3x,i3,4x,"irtype -- sr type (1-default, 2-user input)",lx,
& i3)
1670 format (3x,i3,4x,"xm -- modulation depth ",2x,
& f7.3)
1680 format (3x,i3,4x,"ihet -- detection type ",2x,
& i3,/,21x,"l - direct 2 - heterodyne")
1690 format (3x,i3,4x,"em -- mixing efficiency ",2x,
& lpell.3)
1700 format (3x,i3,4x,"eta -- quantum efficiency of detector ",2x,
& f7.3)
1705 format (3x,i3,4x,"g -- predetection gain ",2x,
& f7.3)
1710 format (3x,i3,4x,"f -- excess noise factor ",2x,
& lpel1.3)
1720 format (3x,i3,4x,"bwr -- bandwidth of sr, hz ",2x,
& lpell.3)
1730 format (3x,i3,4x,"ptherm -- thermal noise eqv. power of sr, w",lx,
& lpell.3)
1735 format (3x,i3,4x,"idark -- dark current of sr ",2x,
& lpell.3)
1740 format (3x,i3,4x,"bwopt -- sr optical bandwidth, microns ",2x,
& lpell.3)
1750 format (3x,i3,4x,"nflg -- 1-sunny 2-cloudy 3-nighttime ",2x,
& 13)
1760 format (3x,i3,4x,"phiaz -- sr field of view (azimuth), rad ",2x,
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& lpe11.3)
1770 format (3x,i3,4x,"blt -- hood length of transmitter, m ",2x,
& f7.3)
1780 format (3x,i3,4x,"bdrt -- transmitter hood diameter, m ",2x,
& f7.3)
1790 format (3x,i3,4x,"blr -- hood length of receiver, m ",2x,
& f7.3)
1800 format (3x,i3,4x,"bdlr -- receiver hood diameter, m ",2x,
& f7.3)
1810 format (3x,i3,4x,"hs -- altitude of sr, meters "92x,
& lpell.3)
1820 format (3x,i3,4x,"mode -- select output mode (7 for info) ",2x,
& i3)
1830' format (3x,i3,4x,"gamint -- angle of intercept plane, deg ",2x,
& 1pe11.3,/,21x," 0 for horizontal plane")
1840 format (3x,i3,4x,"rpx - distance from xmtr to bisector, m",1x,
& lpell.3)
1850 format (3x,i3,4x,"x -- perpendicular dist to beam axis, m",
& lpell.3)
1860 format (3x,i3,4x,"dcomp -- value of contour, dbw or db s/n ",2x,
& lpell.3)
1865 format (3x,i3,4x,"theta -- angle link axis to sr axis, d ",2x,
& lpell.3)
1866 format (3x,i3,4x,"t -- bit interval, s",19x,lpell.3)
1867 format (3x,i3,4x,"npts -- sample pts in signal waveform
& 2x,i3,/,22x,"(npts must be odd)")
1868 format (/,20x,"Pr(e) analysis not valid for heterodyne rcvr")
1870 format (/llx,"<- rpx -->",//,10x,"t) ------------------- ","+",
& "--..(r",/,21x,"a",9x,"/",/,21x,"I",8x,"/",2x,"theta",/,2lx,
& "!",7x,"/",/,21x, "!",6x,"/",/,27x,"/",/,21x,"x",4x,"/",/,25x,"/",
& /,21x,f"l",2x,"/",/,21x,"l",lx,"/",/,21x,"v","/",/,21x,"sr)"//,lOx,
& "rs = distance from sr to +",/,10x,"rv = distance from t to .",/)
1880 format (10x,"mode 1 - fix x, rpx, and vary theta",/,19x,"to scan ",

& "link with sr position fixed.",/,1Ox,"mode 2 - fix rs, rv, and ",
& "vary theta",/,19x,"to observe same point in link from different ",
& "angles.",/,1Ox,"mode 3 - fix x and vary theta and rpx",/,19x,
& "to observe beam along a line parallel to the link axis.",/,1Ox,
& "mode 4 - isophotes looking at the transmitter only."/,1Ox,
& "mode 5 - isophotes summing total power from sweeping the entire ",

& "link."/,10x,"mode 6 - probability of bit error fixing rpx, x ",

& "and theta."/)
1890 format(v)

end

subroutine setup

c THIS ROUTINE CALLS THE SINGLE POINT ROUTINE
c TO CALCULATE A SERIES OF POINTS GIVING A
c PROFILE OF THE OFF-AXIS S/N IN SEVERAL
c MANNERS DETERMINED BY THE MODE SEECTED.
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C

c SCENARIO DIAGRAM
C

c <- RPX-->
c T) -------------------- --- (R
c A /
o I / THETA

X IK'. C /
"" C X /

/

c SR)
C
c RV - DIST. FROM XMTR TO BEAM(+)c; RS - DIST. FROM SR TO BEAM(.i)

c RT - DIST. FROM XMTR TO SR
a RL - DIST. FROM XMTR TO RCVR
c HS - ALTITUDE OF SR
a PHI - FOV (ELEV) OF SR IN RAD
o THETA - ANGLE BETWEEN SR OPTICAL AXIS AND LINK BEAM SEGMENT
a TO THE LINK RECEIVER
c RPX - DIST. FROM XMTR TO INTERSECTION OF ORTHOGONAL RAY
c FROM SR
a X - DIST. ALONG ORTHOGONAL RAY TO BEAM
c ANGTR - THETA TO XMTR
c ANGREC - THETA TO RECEIVER
a DP - LINK PATH ZENITH ANGLE
c ANGTOT - TOTAL ANGLE SUBTENDED BY LINK AT SR
C

c COMP - CONTRIBUTION FROM LINK BEAM (POWER OR S/N)
a TD - THETA IN DEGREES
a NRET - SET TO 1 IF COMP=O TO AVOID LOG(O)
c DANG - INCREMENT OF THETA
c ANGMAX - MAXIMUM THETA
a GAMINT - ANGLE OF INTERCEPT PLANE
a GAMP - ZENITH ANGLE FROM TR TO SR
C

c COMPB4 - LAST VALUE OF COMP
c RSB4 - LAST VALUE OF RS
c DCOMP - DESIRED CONVERGENCE VALUE OF COMP
a SLOPE - SLOPE BETWEEN LAST TWO POINTS
o RSNEW - ESTIMATE) VALUE FOR RS
o H - NO. OF ITERATIONS NEEDED TO CONVERGE (ARRAY)

-
XINT - X ARRAY FOR STORING OUTPUT

7 YINT - Y ARRAY FOR STORING OUTPUT
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common! flags /mode, mcomp, mp, lam, modesw, luni t, nout, istog, io type,
& irtype ,ihet, ibf lag, iw

common/' tdata /blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common/' rdata /blr,dr,hr,gl,bdlr
common/ srdata /asr,hs,phi,phiaz,dphi
common/ idata /rl,alam,rpx,theta,x,angtr,angrec,gamint,bw

a darki & ptherm replace pnep, add g
common/ sndata /bwr,eta,f,em,pb,ps,darki,ptberm,snpndb,sndb,xm,

& bwopt,nflg,gI
common/ pita xint(200),yint(200),h(200),dcomp(2),np,note
common/ parts /pa,prtr,prec,pat,prt,pre

c add labeled common wavefm
common/ wavetm / npts,t,formO(1 000) ,torml( 1000) ,powerO(l 000), ~

double precision re,reht,rehr,gamp,disc
data re/6.31131d6/
data onedeg,pi,r2d/.0174532925,3.14fl5926524,57.29577951/
data blank,star/"

a BLANK OUT CONVERGENCE WARNING SYMBOL ARRAY
do 10 i=1,100

£10 h(i)=blank
a

nret=0
np=0
rehr=re+hr
rehtzre~ht

a ANGTH - THETA TO TRANSMITTER
0 ANGREC - THETA TO RECEIVER
0 LINK PATH ZENITH ANGLE DP

dp=dacos((rehr2-reht"2-rl"*2)/( 2.*reht'rl))
c USE ATAN2 TO GET ANGLES IN THE RIGHT QUADRANT

angtr=atan2(x,rpx)
angrec~atan2( x,(Crpx-rl))

c CHECK TO SEE IF BOTTOM OF BEAM HITS A CURVED EARTH

xi= dp~phit
disa=re**2-%(reht~sin(xi) )*"2

a IF DISC IS NEGATIVE NO REAL ROOT EXISTS

if (disc.le.O.) go to 20
c

a CALCULATE RANGE TO GROUND, RO

rgm-reht'cos( xi) -dsqrt(disc)

if(rg.gt.O..and.rg.lt.rl) write (6,210) rg
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a *add mode6 *
20 go to (30,50,80,130,130,125), mode
c
c
c MODE=1 FIX X, RPX, AND VARY THETA TO SCAN LINK WITH A FIXED
a SURVEILLANCE RECEIVER LOCATION
C

c ANGTOT IS THE TOTAL ANGLE SUBTENDED BY THE LINK AT THE
c SURVEILLANCE RECEIVER
c
30 angtot=angrec-angtr-phi

~C
rt=sqrt( rpx**2 x**2)
gamp=aoos((rpx*cos(dp)+x*sin(gamint)*sin(dp))/rt)
hs=dsqrt(reht**2+rt**2+2.*rt*reht*dcos(gamp) ) -re
dang=(angtot-20 .*onedeg)/16.
if (dang.lt.onedeg) dang=onedeg

C
c START FROM TRANSMITTER TOWARD RECEIVER
C

theta: angtr+phi/2.
do 40 i=1,50
call comtot (comp,nret)
td=theta*r2d

c

c WRITE THE OUTPUT
if (nout.ge.1) write (nout,190) td,comp,prtr,prec,pa

c

c STORE THE RESULTS
xint(i) :td
yint(i) zaomp

*delta=onedeg

c PICK DELTA OF ONE DEGREE NEAR THE TRANSMITTER & RECEIVER
c

if (i.gt.9.and.i.lt.26) deltazdang
the ta: the ta~delta
if (theta.gt.(angrec-phi/2.)) go to 180

40 -continue
c
c
a MODE=2 FIX RS, RV, VARY THETA TO OBSERVE ONE POINT ALONG THE
a LINK AXIS FROM DIFFERENT ASPECT ANGLES. NOTE THAT
a THE SCATTERING VOLUME CHANGES WITH ANGLE.
0
50 theta=onedeg
c STORE RPX AND X TEMPORARILY IN RPX1 AND Xl

rpxl -rpx
xl :X
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rs=x
c MAXIMUM THETA

angmaxfpi-onedeg
a THETA INCREMENT

dang (pi-phi-22*onedeg)/ 16.
c
a START LOOKING TOWARD THE XMTR; LAST POINT HAS THE RCVR IN FOV.

~C
do 60 ii,40

C COMPUTE SR POSITION COORDINATES X,RPX
x=rs'sin(theta)
rpx=rs'cos(theta)+rpxl

rt=sqrt (rpxe*2+xe92)
angtrzatan2(x,-rpx)
angrec=atan2(x, (rpx-rl))
gamp-acos( ( rpxmcos (dp ) +x'sin( gamint ) *sin( dp) ) /rt)
hs=dsqrt( reht**2+rt**2+2. *rt*reht*dcos(gamp) ) -re
call comtot (comp,nret)

f WRITE OUTPUT
td=theta'r2d
if (nout.ge.1) write (nout,190) td,compprtr,prec,pa~c

STORE THETA, COMP
c

xint(i)-td
yint(i) -comp
THETA INCREMENT IS ONE DEGREE NEAR XMTR AND RCVR

deltaxonedeg
c

0 SAME COMMENT APPLIES AS IN MODE 1
C

if (i.gt.9.and.i.lt.26) delta=dang
theta: theta+del ta
if (theta.gt.angmax) go to 70

60 continue
70 xfxl

rpx=rpxl
go to 180

c
c

c MODE=3 FIX X, VARY THETA AND RPX TO OBSERVE BEAM FROM DIFFERENT
c POINTS ALONG A LINE PARALLEL TO THE LINK OPTICAL AXIS.
c NOTE THAT AS THETA IS NEAR ZERO OR PI, THE RANGE TO
c THE SR BECOMES VERY LARGE.
c
80 theta=onedeg+phi/2.

rpxl-rpx
c COMPUTE INCREMENT OF THETA

dangz(pi-phi-22eonedeg)/ 16.
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c ALWAYS LOOK AT PORTION OF BEAM AT RPX1 METERS AWAY FROM XO4TR

do 110 i=1,40
o AVOID DIVIDE CHECK IN COMPUTING RPX

if (abs(theta-pi/2.).lt.onedeg) go to 90
rpx=,c/tan( theta) .rpxl
go to 100

90 rpx=rpxl
100 rszsqrt(rpxl1"2.x**2)

rtzsqrt (rpx**2,xO*2)
angtrzatan2(x, rpx)
angrec=atan2(x, (rpx-rl))
gampzacosC Crpx'cos(dp)+x'sin(gamint)*sin(dp) )/rt)
hs=dsqrt( reht**2grt**2+2 .*rt'dcos(gamp) )-re
call oitot' (comp,nret)

C

c WRITE OUTPUT
* td=theta~r2d

if (nout.ge.1) write (nout,190) td,comp,prtr,preclpa
C

* {.c STORE THETA, SNDB

xint( i) =td
yint( i) =comp

o INCREMENT BY ONE DEGREE
deltazonedeg
if (i.gt.9.and.i.1t.26) delta=dang
the taztheta+del ta
if (theta.gt.3.1241) go to 120

110 continue
120 rpx=rpxl

go to 180

a
c *add mode 6
c MODE=6 PROBABILITY OF BIT ERROR
a
125 rtzsqrt( rpx'*2..x**2)

angtrzatan2( x, rpx)
angreczatan2Cx, (rpx-rl))
gamp=acos((rpxcos~dp).xfsin(ganiint)'sin(dp))/rt)
hszdsqrt(reht'02+rt02.2 .'rt~doos~gamp) )-r'e
write (nout,230) rpx,x,theta

c CALCULATE SIGNAL POWER
call oomtot(comp,nret)
do 126 iml,npts
powerO( i) :ps*formO( i)
poweri Ci) :ps'torml (i)
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126 continue
call back
call apertr
call error( nf'lag, boundi ,bound2,bound3, bound4 )
if (nflag.eq.3) write (6,2 40)
if (nflag.eq.l.or.nflag.eq.3) write (nout,250) boundl,bound2
if (nflag.eq.2.or.nflag.eq.3) write (nout,260) bound3,bound4
go to 180

c * * ITERATIVE ALGORITHM TO FIND CONTOURS ***

c THIS IS BASICALLY A NEWTON-RAPHSON SECANT METHOD MODIFIED TO
c ALLOW FOR AN EXTREMELY SENSITIVE FUNCTION. IT ONLY ALLOWS
c CONVERGENCE FOR ROOTS WHERE THE SLOPE IS NEGATIVE
c (SEE DOCUMENTATION)

*! c
c MODE=4 ISOPHOTES LOOKING AT THE TRANSMITTER
c
a MODE=5 TOTAL POWER AVAILABLE AT SR LOCATION

L0
130 dang=2*onedeg

c
tdang=2.96 *onedeg
angtr=-onedeg
kk=O
do 170 i=1,124,

c
135 nret=O

angtr=angtr~dang
0

c COMPUTE THETA INCREMENT TO SPACE DATA POINTS APPROPRIATELY IN X,
c RPX COORDINATES

dang--.03158826*(angtr)**.71533599
if (angtr.gt.1.56) dangmtdang

a

c MAKE A CALCULATED FIRST GUESS AT THE RIGHT RS
c NOTE HERE RS=RT SINCE WE ARE LOOKING AT THE TRANSMITTER
c

rs-rl*(.2 cos(angtr/2.))
c
o COMPUTE SR LOCATION COORDINATES X,RPX

x=rsfsin(angtr)
rpxzrscos(angtr)
angrecfatan2( x, (rpx-rl))
gampfdp-acos(sqrt (rpx*"2 (x*sin(gamint)) **2)/rs)
hsfdsqrt(reht**2 rs**2 2. 'rsreht*dcos(gamp)) -re

c

c COMPUTE INITIAL VALUE FOR ITERATION
the ta=angtr~phi/2.
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if (mode.eq.4) call comtot Ccompb'4,nret)
if (mode.eq.5) call mode5 (compbL4,nret)

c IF POWER IS ZERO, SKIP TO NEXT ANGLE

if (nret.eq.1) go to 135
rab~izrs
rs=rsb4*1.10

a ALLOW NLOOP TRIES FOR CONVERGENCE
nloop=20
do 140 iia1,nloop
xzra'sin( angtr)
rpx~rs'cos( angtr)
angreo=atan2( x, (rpx-rl))
gamp=acos((rpx*cos(dp)+xfsin(gamint)Isin(dp))/rs)
hszdsqrt(reht*'2.rsi"2.2 .*rs'reht'dcos(gamp) )-re
thetazangtriphi/2.
if (mode.eq.4) call comtot (comp,nret)
if (mode.eq.5) call mode5 Ccomp,nret)

o IF POWER IS ZERO, SKIP TO NEXT ANGLE

if (nret.eq.1) go to 135

o CONVERGENCE TEST
if (abs(comp-dcomp(moomp)).lt..2) go to 150
slope= (rs-rsb4~) / (comp-compb2 4)
rsnew=(rs-(comp-dcomp(mcomp) )slope)

c SET TO ONE HALF PREVIOUS GUESS IF THE GUESS IS NEGATIVE
if (rsriew.le.O.) rsnew=rs/2.
rsbl4=rs
rs~rsnew
compb4l=comp

140 continue
a DID NOT CONVERGE IN NLOOP TRIES
a SET FLAG FOR CONVERGENCE WARNING

noteznote+1
go to 160

a CHECK FOR SLOPE AT ROOT
c
150 if (3lope.gt.O.) go to 135
160 xint(i)=rpx

yint( i) :x
h(i)zii
if (nout.ge.l.and.mode.eq.4) write (nout,200) x,rpx,h(i),prtr,prec

& ,pa
if (nout.ge.l.and.mode.eq.5) write Cnout,200) x,rpx,h(i),prt,pretp

& at
if(hs.lt.O) kk=1



55

170 continue

if(kk.eq.1) write (6,220)

180 npi j
return

190 format (2x,2(3x,1pe11.4),7x,4(3x,lpe11.4))
200 format (2x,2(3x,1pe11.4),2x,Opf3.0,2x,4(3x,lpe11.4))

S.210 format (5x,"link beam hit ground at a range of ",lpell.3,"meters")
220 format (2x,"warning -- part of the contour is below sea level ",
& "altitude.",/,13x,"keep this in mind when you interpret the "
& "output.")
230 format (/,6x,"SR location:",/,6x,"rpx =",lpelO.1," x =",IpeiO.3,
& theta =",lpeO.3,/)
240 format (6x,"receiver noise is a combination of shot and thermal "
& "or excess noise - ",/,6x,"bounds are not absolute",/)
250 format (6x,"shot noise limited performance - ",Ipe8.2,

4& " < Pr(e) < ",lpe8.2)
260 format (6x,"thermal noise limited performance - ",lpe8.2,
& " < Pr(e) < ",Ipe8.2)

end
*c.

subroutine mode5 (comp,nret)
a

a INTEGRATES TO FIND TOTAL POWER AVAILABLE FROM LINK AT A POINT
c DEFINED BY X,RPX
C
a ANGTOT - TOTAL ANGLE SUBTENDED BY LINK
c NTHETA - NUMBER OF STEPS OF INTEGRATION
a DTHETA - INCREMENT OF THETA
c ANGTR - THETA TO XMTR
c

c COMP - POWER OR S/N CONTRIBUTION FROM LINK
c SUM - SUM OF COMP CONTRIBUTIONS FROM EACH THETA
a NRET - FLAG TO INDICATE THAT COMP-O
c

common / ldata / rlalamrpxthetaxangtrangrecgamintbw
common / srdata / asr,hs,phi,phiaz,dphi
common/parts/pa, prtr, prec,pat, prt, pre

c
c COMPUTE TOTAL ANGLE SUBTENDED AT SR

angtot=angrec-angtr
c
c COMPUTE NUMBER OF STEPS USED IN INTEGRATION

nthetamamaxl( (angtot/3.•4+1 .),2.)
ntheta:nthe ta*2+1
dtheta=angtot/ntheta

c
c USE SIMPSON*S RULE FOR INTEGRATION
c NTHETA MUST BE ODD

A- J- Mia m
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C
sumO0.
theta: angtr

C COMPUTE BEAM POWER ONLY; ADD XO4TR AND RCVR LATER
mP=2
do 10 n=1,ntheta

a COMPUTE POWER
call comtot (comp,nret)

a NORMALIZE CONTRIBUTION TO 1/RAD
comp: pa/phi
coef=2*(2-mod(n,2))
if (n.eq.1 .or.n.eq.ntheta) coef:1.
sum: comp'coef+sum
the ta= the ta+dthe ta

10 continue
sum=dtheta/3 .*sum
pat~sum

* c
c FINAL INTEGRAL VALUE IS RE'TRNED AS COMP TO FIND ISO-CONTOUR
a USING MODE 4 ITERATION ALGORITHM
c

a TRfANSMITTER CONTRIBUTION

theta=angtr
call comitot (comp,nret)
su~m=sum~prtr
prt=prtr

c RECEIVER CONTRIBUTION

thetazangrec
call comtot (comp,nret)

sum= sum~prec
pre=prec
mp= 1

if (sum.eq.O) go to 20
nret=0

c CONVERT TO DB

comp=1O*alogIO( sum)
go to 30

c
c NRET IS FLAG FOR NO POWER
20 nret=1
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comp=-200.
30 return

end
C.

subroutine comtot (comp,nret)
C

a COMTOT COMPUTES THE POWER FROM THE LINK BY CALLING THE
a ROUTINES WHICH COMPUTE THE POWER FROM ATMOSPHERIC
a SCATTERING, THE RECEIVER, AND THE TRANSMITTER. IT RETURNS
c VARIABLE COMP WHICH IS EITHER POWER (DBW) OR S/N (DB), AS
c SELECTED. IF COMP IS ZERO, NRET IS RETURNED WITH A VALUE
c OF I.
C
a THTMAX - MAXIMUM THETA FOR FIELD OF VIEW (FOV)
c THTMIN - MINIMUM THETA FOR FIED OF VIEW (FOV)
c PR - SUM OF POWER FROM DESIRED SOURCES
a PA - POWER CONTRIBUTION FROM ATMOSPHERE
c PRTR - POWER CONTRIBUTION FROM TRANSMITTER
c PREC - POWER CONTRIBUTION FROM RECEIVER
a PS - SIGNAL POWER USED FOR S/N CALCULATION
C

common/ flags / mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,
& irtype,ihet,ibflag, iw

common/ idata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw
common/ srdata / asr,hs,phi,phiaz,dphi
common/parts/pa, prtr, prec, pat, prt, pre

a * darki & ptherm replace pnep add g *
common/ sndata / bwr,eta,fem,pb,ps,darki,ptherm,snpndb,sndb,xm,

& bwopt, nflg, g
data epsi/1.e-4/
phio2=phi/2.

a

thtmax=the ta~phio2 +epsi
thtmin-the ta-phio2-epsi
pr=O.
pa=O.
prtr=O.
prec=O.

C

c MP -- COMPUTE FLAG USED TO DETERMINE WHICH SOURCES TO INCLUDE
a 1 -- SUM OF ALL SURCES
c 2 -- ATMOSPHERIC CONTRIBUTION ONLY
c 3 - TRANSMITTER CONTRIBUTION ONLY
c 4 -- RECEIVER CONTRIBUTION ONLY
c

if (mp.gt.2) go to 10 1

call beam (pa)
pr=pa+pr

10 if (mp.eq.2.or.mp.eq.4) go to 20
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C
a CHECK TO SEE IF TRANSMITTER IS IN FOV, IF SO, CALL TSCAT
C

if (angtr.ge.thtmin.and.angtr.le.thtmax) call tscat (prtr)
pr= pr~prtr

20 if (mp.eq.2.or.mp.eq.3) go to 30
C

a CHECK TO SEE IF RECEIVER IS IN FOV, IF SO, CALL RSCAT
c

if (thtmax.ge.angrec.and.thtmin.le.angrec) call rscat (prec)

pr=pr+prec
30 if (pr.le.O) go to 40

comp=10.*alog10(pr)
c

if (mcomp.eq.1) go to 50
c

Uc COMPUTE S/N IF DESIRED
4C

ps=pr
call ston
comp=sndb
go to 50

c POWER WAS ZERO; SET FLAG AND RETURN
40 nretal

comp=-200.
50 return

end
i C.

subroutine stog (comp,ptstog,prstog,pastognret)

c COMPUTES POWER FOR THE CASE OF A VERTICAL SPACE-TO-GROND LINK.

o ,e, SEE DOCUMENTATION FOR LIMITATIONS *
c
c WARNING: THE EFFORT EXPENDED ON THIS PORTION OF THE PROGRAM WAS
c MINIMAL COMPARED TO THE NARRWBEAM PORTIONS, SO THAT
c THE RESULTS OF SPACE TO GROUND CASES SHOULD BE
c CAREFULLY SCRUTINIZED.

o VARIABLES (UNITS ARE MKS SYSTEM)
c

o NVEL - NO. OF VERT ELEMENTS IN BEAM
a AVEL - AREA OF A VERT. ELEMENT
c SVEL - WIDTH OF A VERT. ELEMENT
a NDOWN - NO. OF VERT. ELEMENTS IN X-DIR.
c NCROS - NO. OF VERT . ELEMENTS FROM CENTER IN Y-DIR.
a XB - X COORDINATE IN LINK BEAM CENTERED COORDINATES
c YB - Y CORRDINATE IN LINK BEAM CENTERED COORDINATES
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a RVEL - DIST. OF VERT. ELEMENT FROM CENTER OF BEAM
C

a RB - RADIUS OF LINK BEAM TO 1/E**2 POINT
c XTEMP - PERP. DISTANCE FROM SR TO CENTER OF BEAM
a X - DIST. FROM SR TO VERTICAL ELEMENT
c RPX - DIST. FROM BISECTOR OF BEAM TO XMTR
c PHIAZ - FOV(AZIMUTH)
c RL - LINK RANGE
c HS - ALTITUDE OF SR
c HR - ALTITUDE OF RCVR
c HEFF - EFFECTIVE ALTITUDE OF XMTR
c PT - EFFECTIVE POWER OF SOURCE
a GRNDI - FACTOR FOR DETERMING EFFECTIVE POWER (W/M**2)
c WEIGHT - WEIGHTING FACTOR FOR POSITON IW BEAM (FUNCTION)

ANGTR - ANGLE TO XMTR
c ANGREC - ANGLE TO RCVR
S NUMTOT - TOTAL NUMBER OF INCREMENTAL VOLLESlei

-- a KOUNT - NO. OF VERT. ELEMENTS IN INTERCEPTED VOLUME
C

a XCLOS - DISTANCE TO CLOSEST INTERCEPTED VERT. ELEMENT

c HCLOS - ALTITUDE OF TOP OF CLOSEST INTERCEPTED ELEMENT
a HCLSDF - SUBTENDED LENGTH OF CLOSEST VERT ELEMENT
a XDIS - DISTANCE TO MOST DISTANT INTERCEPTED VERT. ELEMENT
a HDIS - ALTITUDE OP TOP OF MOST DISTANT INTERCEPTED ELEMENT
c HDISDF - SUBTENDED LENGTH OF MOST DISTANT VERT. ELEMENT
c
c FACTOR - SYMMETRY FACTOR
a SUMP - RUNNING SUM OF POWER CONTRIBUTIONS
c COMP - POWER CONTRIBUTION
C
C

common/ flags / mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,

& irtype, ihet, ibflag, iw
common/ tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common/ rdata / blr,dr,hr,gl,bdlr
common/ srdata / asr,hs,phi,phiaz,dphi
common/ idata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw
common/ stgout / nvel,svel,avel,ndown,ncros,numtot,hvnear,hvfar,

& xdis, hdis, hdisdf,xclos, halos, hclsdf,kount
data epsi/1.e-4/

c
c RB IS 1/E**2 POINT OF BEAM. WEIGHT(A) IS THE POWER DISTRIBUTION
c OFF THE AXIS OF THE BEAM. A GAUSSIAN PROFILE IS ASSUMED.
C

weight(a):exp(-2.*(a/rb)0*2)
c
c STORE X

kount=O
xtemp: x
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rltemp=rl
hstemp=hs
httemp=ht
ptemp=pt
thtemp= theta

C

c CHECK TO SEE IF THETA<PHI/2
c

if (theta.lt.phi/2.) theta=phi/2. + epsi
~C

c COMPUTE GRNDI AND RB IF IBFLAG=l
c

if (ibflag.eq.2) go to 10
call stbeam (rbeam,grndir)
rb=rbeam
grndi=grndir

c
c
a COMPUTE TANGENT OF AZ FOV HALF-ANGLE-TP2
a
10 tp2=tan(phiaz/2.)

k. NUMBER OF VERTICAL ELEMENTS IN LINK BEAM

nvel-100
a

c AREA OF VERTICAL ELEMENT
c

avel= 4.*rb*xtemp*tp2/nvel
a
a WIDTH OF VERTICAL ELEMENT
a

svel=sqrt(avel)
c
a NUMBER OF VERTICAL ELEMENTS ACROSS BEAM

ndown=2. *rb/svel+I
a NUMBER FROM CENTER IN YB DIRECTION
C

ncros= (xtemp+rb)*tp2/svel+1

a INITIALIZE INTEGRAL
sump=O.
SET SYMMETRY FACTOR FOR CENTER ROW OF VERTICAL ELEMENTS
factor=1.

C

c LOOP TO COMPUTE FOR EACH VERTICAL ELEMENT
c

do 50 ny=1,neros
do 30 nx=1,ndown
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c POSITION IN LINK BEAM CENTER COORDINATES
c

xb=(nx-ndown/2) *svel
yb=(ny-l )*svel
rvel=sqrt ( xb**2+yb**2)

C
c TEST IF THE ELEMENT IS INSIDE THE 1/E**2 PTS.
C

if (rvel.gt.rb) go to 30
C

a COMPUTE SR FOV BOUNDS FOR TEST
a

x=sqrt((xtemp-xb)**2+yb**2)
testp=atan(yb/x) *2.
if (testp.gt.phiaz) go to 40

C
c VERTICAL ELEMENT IS IN FOV, SO COMPUTE POWER
C

heff=hs+x/tan( theta-phi/2.)
rl=heff-hr
call trans (hr,heff,rl,tb)

C

c CALCULATE POWER OF EFFECTIVE SOURCE
C

pt-grndi*weight( rvel) *avel/tb
ht=heff
rpx=heff-hs

C

c CALCULATE ANGTR AND ANGREC FOR BEAM, ANGTR IS ANGLE TO
c EFFECTIVE SOURCE
C

angtr=theta-phi/2.
angrec=3 .14159-atan(x/hs)

C

c CALL BEAM FOR POWER CONTRIBUTION OF VERTICAL ELEMENT
c

call beam (comp)
sump= sump~comp*faetor
kount=kount~factor

c
c COMPUTE TOTAL NUMBER OF INCREMENTAL VOLUMES
c

numtot=kount*phi/dphi
a
c CALCULATE PARAMETERS TO MOST DISTANT ELEMENT

if (nx.ne.l.or.ny.ne.1) go to 20
xdis=x/sin( theta)
hdis=heff
hdisdf=hvnear-hv far

c
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o CALCULATE PARAMETERS TO CLOSEST ELEMENT
20 if (nx.re.(ndown-2).or.ny.ne.1) go to 30

xclos~x/sin( theta)
hcloszheff
hclsdf~hvnear-hvfar

30 continue
c SET SYMMETRY FACTOR FOR ROWS OFF SR OPTICAL AXIS
a
4O factor=2.
50 continue

pastogzsump

x:xtemp
rl=rltemp
hs=hstemp

* htzhttemp
pt=ptemp

* theta~thtemp

c TRANSMITTER CONTRIBUTION
c
a INITIALIZE PARAMETERS FOR CALL TO TSCAT
C

ptstog:O.
angtr=atan2( x, rl-hs)

c CALL TSCAT IF TRANSMiITTER IS IN FOY

if (tIteta.ge.angtr-phi/2.and.theta.le.angtr~phi/2.)
& call tscat (ptitog)

a

c

prstog=O.
if (gl.eq.hs) go to 60
angrec=atan2(x,gl-hs)
go to 70

60 angrec=1.570796

0 CALL RSCAT IF RECEIVER IS IN FOV

70 if (theta.ge.angrec-phi/2.and.theta.le.angtr.phi/2.)
& call rscat (prstog)
c
a SUM FOR TOTAL POWER
a

comp= prst og~ptst og+past og
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return
end

C.
subroutine stbeam (rbeam,grndir)

c
c THIS SUBROUTINE CALCULATES THE RADIUS OF THE BEAM
c AT THE GROUND AND THE PEAK INTENSITY.

common/tdata/blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt

common/ldata/rl,alam,rpx,theta,x,angtr,angrec,gamint,bw
common/rdata/blr,dr,hr,gl,bdlr
data onedeg,pi,r2d/.0174532925,3.141592654,57.29577951/

C

c CALCULATE TURBULENCE OF ATMOSPHERE
C

call sigmat (ht,hr,rl,alam,gl,sigt)
C

* a CALCULATE RADIUS OF BEAM
~C

r2=4 .*rl**2*((phit/2.)**2+sigj**2+sigt**2)
rbeam=sqrt (r2)

call trans (gl,100000.,100000.-gl,tstog)

c CALCULATE EQUIVALENT IRRADIANCE

C

grndir=.865*pt*tstog; (. 4325*pi*r2)
return
end

C.

subroutine sigmat (ht,hr,rl,alam,gl,sigt)
external cnsq
common/flags/mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,

& irtype, ihet, ibflag, iw
data hatm/100000./

C

c THIS ROUTINE COMPUTES THE HALF ANGLE BEAMSPREAD(SIGT)
c DUE TO TURBULENCE. IW IS A TURBULENCE PARAMETERUSED AS FOLLOWS:
c 1 -- SEVERt TURBULENCE
c 2 - NOMINAL TURBULENCE
c 3 -- MILD TURBULENCE
C

a FOR REFERENCE SEE *A SIMPLIFIED PROPAGATION MODEL FOR LASER
c SYSTEM STUDIES*. AFWL-TR-72-95(REV), APRIL 1973
C

a USE NSTEP NUMBER OF STEPS TO INTEGRATE ALONG PATH LENGTH
nstep=50
sig=O.
deltaz=( hatm-gl)/nstep

-i
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MODIFIED FOR VERTICAL USE
sinphi=-1.
do 10 J=1,nstep
aj=j

C

c WEIGHT CLOSEST PORTIONS TO APERTURE HIGHEST
~C

rnaj1 l.-aj*deltaz/rl
z=deltaz*j (rl-hatm)
zl =deltaz*( J-1) (rl-hatm)

c HL AND HU ARE THE HEIGHT ABOVE TERRAIN AT THE BEGINNING AND
c END OF EACH INCREMENT ALONG THE PROPAGATION PATH.

hlz*sinphi+ht
hu-z1*sinphi+ht
call qg10 (hl-gl,hu-gl,cnsq,deltaz,y)
sig=rnaj**1 .666*y+sig

10 continue
i ~sigt= (((2.06/alam) **. 333) *sig) **. 6

return
end

C.
subroutine qg10 (bl,bu,fct,deltaz,y)

c SUBROUTINE QG10 COMPUTES INTEGRALS OF THE FORM
a (FCT(X), SUMMED OVER X FROM BL TO BU)
a
a USAGE

a CALL QG10(BL,BU,FCT,DELTAZ,Y)
c PARAMETER FCT REQUIRES AN EXTERNAL STATEMENT
c
a DESCRIPTION OF PARAMETERS
c BL - THE LOWER BOUND OF THE INTERVAL
c BU - THE UPPER BOUND OF THE INTERVAL
a FCT - THE NAME OF AN EXTERNAL FUNCTION SUBPROGRAM USED
c Y - THE RESULTING INTEGRAL VALUE
c
e SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
c THE EXTERNAL FUNCTION SUBPROGRAM FCT(X) MUST BE FURNISHED
c BY THE USER. -'

c METHOD
C

a THE EVALUATION IS DONE BY 10-POINT GAUSS QUADRATURE
a FORMULA WHICH INTEGRATES POLYNOMIALS UP TO DEGREE 19
c EXACTLY
c
c FOR REERENCE SEE
c V.1.KRYLOV,APPROXIMATE CALCULATION OF INTEGRALS
c
a

-- I i.. . .. :"I il II
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if ((bu.eq.bl)) go to 10

go to 20
10 ytfct(bl)'deltaz

return

20 a=.5*(bu~bl)
b=bu-bl
c= .J869533*b 1

y= 03333567*(fttCa~c) .fct Ca-c) )

Y=;e 7726(cot Ca~ic) +fct Ca-c) )
0=.3397048*b

o:.2166977*b
Y=Y+.1346334'(fct(a+c).fct(a-c)) j
c=.0741 i3717*b
y=deltaz*( y,. 127762 1'(f ttCac) .fct (a-c) ))
return
end

function cnsq (h)

a ATMOSPHERIC STRUCTURE CONSTANT IN M**C2/3)
C

common/flags/mode,rncomp,mp,lam,modesw,lunit,nout,istog,iotype,
& irtype , het, ibfiag, iw
a

if (h.gt.1.0) go to 40
c SET CNSQ FOR HEIGHT ABOVE TERRAIN LESS THAN ONE METER
a

go to (10,20,30), iw
c
o BAD WEATHER CONDITIONS
10 cnsq=2.85e-13

return
C
c NOMINAL WEATHER CONDITIONS
20 cnsq=l.e-13

return
C'

c GOOD WEATHER CONDITIONS
30 cnsq=8.5e-15

return
a

O SET CNSQ FOR ALTITUDES LESS THAN ONE METER
c
40 go to (50,90,100), iw
c
c BAD WEATHER CONDITIONS
50 if (h.gt.100.O) go to 70

if (h.gt.1O.O) go to 60
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cnsq=2.9e-13*h*'(-.6 993)
return

a
60 cnsq~9.LI96e-13*h**(-1.214)

return

70 if (h.gt.l.OeO4) go to 80
cnsq=2.56e-12*h"*(-1 .4386)
return

80 if (h.gt.1.5e4) go to 90
onsq=2.Oe-16
return

a
a NOMINAL WEATHER CONDITIONS
90 cnsq=2.Oe-16

if' (h.le.1160O..or.h.ge.12400.) cnsq=le-13'h**(-1.07535)
return

0 GOOD WEATHER CONDITIONS
100 if (h.gt.2.5e3) go to 120

if Ch.gt.20.0) go to 110
onsq=8.586e-15*h*(-.JA4414)
return

110 cnsq:1.51e-13*h**(-1.396)
return

120 if (h.gt.1.5e4) go to 90
cnsq=3 .Oe-1 8
return
end

C.

subroutine beam (pa)

o BEAM COMPUTES THE POWER FROM THE LINK BEAM DUE TO ATMOSPHERIC
c SCATTERING

10 RL LINK RANGE
c RS RANGE FROM SCATTERING VOLUME TO S
o RV RANGE FROM XMTR TO SCATTERING VOLUME
c

o HT XMTR HEIGHT
c HR RCVR HEIGHT
o US SURVEILLANGE RCVR HEIGHT
c 1W SCATTERING VOLUME HEIGHT
c
o THETA SCATTERING ANGLE (OFF-AXIS ANGLE)
c PHI TOTAL FOV
c DPHI INCREMENTAL FOV
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c NRET FLAG TO INDICATE THAT COMP=O

common/flags/mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,
& irtype ,ihet, ibtlag, iw

common/ tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common/ rdata / blr,dr,hr,gl,bdlr
commonl/ srdata / asr,hs,phi,phiaz,dphi
common/ idata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw

c darki & ptherm replace pnep add g *
common/ sndata / bwr,eta,t,em,pb,ps,darki,ptherm,snpndb,sndb,xm,

& bwopt,nflg,g
common/' stgout / nvel ,svel ,avel ,ndown,ncros, numtot, hvnear,

& hvfar,xdis,hdis,hdisdf,xclos,hclos,hclsdf,kount
double precision re,reht,rehr

data re/6.31131d6/
data epsi/1.e-6/

pa=O.
phio2=phi/2.
reht=re~ht
rehr=reihr

c

rvnear=rpx-x/tan( the ta-phio2)
rvtar: rpx-x/ tan (the ta+phio2)

a RSNEAR,RSFAR ARE RANGES TO RVNEAR,RVFAR FROM SR

rsnear=x/sin( the ta-phio2)
rstar~x/sin( theta~phio2)

c

0 CALCULATE ALTITUDES, HVNEAR, HVFAR

hvnear~dsqrt(reht**2,(dbIle(rvnear))**2.dble(rvnear)*(rehr**2-reht*
& *2-(dble~rl))**2)/dble(rl))-re

hvfarzdsqrt(reht**2,(dble(rvfar))**2+dble(rvfar)*Crehr**2-reht**2-
& (dble(rl))*'2)/dble(rl))-re
a

c CALCULATE Ti ,T2 TO SEE IF PATH DIFFERENCE IN TRANSMITTANCE IS
a IM4PORTANT

call trans (ht,hvnear,rvriear,tln)
call trans (hvnear,hslrsnear,t2n)
call trans (ht,hvfar,rvfar,tlt)
call trans (hvfar,hs,rsfar,t2f)

c
o COMPARE TRANSMITTANCE VARIATION DUE TO SCATTERING VOLUME PATH
o DIFFERENCE TN: NEAR PATH TRANSMITTANCE
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c TF= FAR PATH TRANSMITTANCE
C

tn=tln*t2n
tf-tlf*t2f
tp=(tn+tf)/2.
hv=(hvnear+hvfar)/2.

* . tps=tp*alfasc(hv)
itflag= 1

c CHECK FOR TRANSMITTANCE DIFFERENCE
if (abs(1.-tn/tp).lt..025) itflag=O

C
c ITFLAG-O MEANS TRANSMITTANCE NEED NOT BE COMPUTED FOR EVERY DPHI
C

c COMPUTE DPHI TO ACHIEVE DESIRED ACCURACY OUT OF FTHETA
C

call delphi (theta,phi,dphi)
4C

c NDPHI = NUMBER OF ELEMENTAL FOV. ROUND DOWN

ndphi=phi/dphi
dphiphi/ndphi

C
c LOOP TO COMPUTE ELEMENTAL CONTRIBUTIONS FROM DPHI ELEMENTS
c

do 20 i=l,ndphi
thetal =theta-phio2+dphi*(i-.5)

a CHECK TO SEE IF PAST LINK RECEIVER
C

if (thetal.gt.angrec) go to 30
rsl -x/sin( thetal)
'if (itflag.eq.O) go to 10

c COMPUTE TRANSMITTANCE IF REQUIRED FOR EACH DPHI
c
c COMPUTE RANGE TO ELEMENTAL VOLUME

rvl -rpx-x/tan( the tal)
c COMPUTE ALTITUDE OF ELEMENTAL VOLUME

hvl-dsqrt(reht**2+(dble(rvl) )**2+dble(rvl)*(rehr**2-reht**2-
& (dble(rl))**2)/dble(rl))-re

call trans (ht,hvl,rvl,tl)
call trans (hvl,hs,rsl,t2)
tps-tl *t2*alfas(hvl)

10 continue
C

c COMPUTE THE SUM FOR POWER CALCULATION
C

fth=fthr ta(thetal)
pa-tps fth/sin( thetal )/rsl +pa
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20 continue
c COMPUTE POWER AT SR FROM BEAM SCATTER
30 pa=pa'pt'asr'dphi

return
end

subroutine trans (hi ,h2,r,t)

c THIS ROUTINE CALCULATES THE TRANSMITTANCE DUE TO ATMOSPHERIC
o EFFECTS BY INTEGRATING ALONG THE BEAMPATH
a
c R RANGE
o Hi ALTITUDE OF ONE ENDPOINT OF BEAM PATH
c H2 ALTITUDE OF OPPOSITE ENDPOINT
a T TRANSMITTANCE
c NSTEP NUMBER OF INTEGRATION STEPS
c RE EARTH RADIUS, M
c ALFAEX(H) EXTERNAL FUNCTION WHICH RETURNS EXTINCTION
c COEFFICIENT FOR ALTITUDE H.
c

common/atmos! alfa(5,2),al±'zct,alfab,ia,abC33),as(33),at(33,iI,6)
& ,mat,uzvis

double precision reh2s,rehl ,rehis,re,dcosp,zd2
data re/6.31131d6/

c COMPUTE NUMBER OF STEPS ALONG PATH
a

nstep= 1+r/500.
nstep~maxO(nstep,60)

c

c

if (r.lt.200..or.ia.eq.1) go to 20
rehi :re+hl
reh2s=( re~h2)0"2
rehi szrehl "2

dcosp=(reh2s-rehls-(dble~r))"*2)/(2*rehl'dble~r))

a SET UP FOR INTEGRATION LOOP

a

dzzr/nstep4

a HU,HL ARE UPPER AND LOWER INTEGRATION BOUNDS

hu~hl
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alfl=0.

o INTEGRATE BY SUMMING
do 10 k:1,nstep
zzdzfk
zd2=dble( z'*2)

hlzhu >
hu=dsqrt(rehl s~zd2+2*z~rehl 'dcosp)-re .

a AVERAGE EXTN1CTIONJ
c

alf=.5'(alfaex(hl)+alfaex(hu))

c ALFL IS INTEGRATION RESULT -EXTIN~CTION *RANGE

aifl~ait'1+ait'dzJ

c COMPUTE TRANSMITTANCE

t=exp(-alt'1)
return

c RANGE IS LESS THAN 200 METERS OR CO-ALTITUDE CASE
20 tzexp(-alfaex(hi)*r)

return
end

C.

function ttheta(theta)
c THIS ROUTJIE CALCULATES THE SCATTERING COEFFICIENT AS A FUNCTION
a OF THETA.

c

dimension fact(2),slope(2),thtmn(2),ampl(2),tconl(2),amp2C2),
& toon2(2),shft(2)

data fact,slope,thtmn,shft/.O008,.0012,1.14,1.0,2.1,2.4,3.6,3.25/
data ampl,amp2,tconl,tcon2/3.5,2.5,.l,.O1,-6.,-7.5,-.5,-i./
1=2

c

if (alam.le.5.e-6) 1=1
c
a SOLVE FOR FTHETA

ftheta=fact(1)'10."(sqrt~slope(l)(theta-thtmn(1) )"2+1 .) ).eampl( 1
& )'exp(tconl( 1)0theta)-amp2(1)*exp(tcon2(1)'Cshft(l)-theta))
c

return
end

C.
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subroutine delphi (theta,phi,dphi)
a THIS ROUTINE CALCULATES THE DPHI REQUIRED TO MINIMIZE THE
c ERROR IN CALCULATING FTHETA.
c

data onedeg/.017/
c
c STATEMENT FUNCTION TO COMPUTE DPHI

Tc

dphix(ac,thet)=abs(ac*sqrt(2.*(thet-2.)*'2+.1 .)/(.08*10.**(sqrt(2.*
& (thet-2.)**2+1.))*(thet-2.)))
c
a GIVE ACCURACY VALUE

acc=.01
C

c CALCULATE THE ELEMENTAL FOV AT THE EDGES OF THE WHOLE FOV
thtner=theta-phi/2.
thtfar=theta+phi/2.
dphil =dphix(acc, thtner)
dphi2 =dphix( acc, thtfar)

~C
c FIND OUT WHICH ANGLE IS SMALLER AND SET EQUAL TO DPHI

dphi=aminl (dphil ,dphi2,phi,onedeg)
return
end

C.

function alfaex(h)
alfaex=alfaab(h) +alfasc (h)
return
end

C.

function alfaab(h)
C

c THIS ROUTINE COMPUTES THE ATMOSPHERIC ABSORPTION COEFFICIENT
C

common/atmos/al fa(5,2),alfsct,alfab,ia,ab(33),as(33),at(33,14,6)
& ,mat,mvis

common/err/ier,ierab,ierso,ierbr,devab,devsc,devbr
C

c CHECK TO SEE IF USER HAS SPECIFIED THE AFGL MODEL
C

if (ia.eq.2) go to 10
alfaab=alfab*( 1 .+devab)**ierab
go to 80

c
10 if (h.gt.25000.) go to 20

i=h/1000.+2.
go to 60

C

20 if (h.gt.50000.) go to 30
i-h/5000+22.

i
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go to 60
C

30 if (h.gt.70000.) go to 40
i=32
go to 60

C
40 if (h.gt.100000.) go to 50

i=33
go to 60

C

50 al faab=O.
go to 80

C

60 if (i.gt.0) go to 70
c USE COEF. AT GROUND LEVEL IF BELOW GROUND ALTITUDE

~C
70 alfaab=ab(i)

alfaab=alfaab*( 1.+devab)**ierab
80 return
C

end

function alfasa(h)

c THIS ROUTINE COMPUTES THE ATMOSPHERIC SCATTERING COEFFICIENT
C

common/atmos/alfa(5,2),alfsct,alfab,ia,ab(33),as(33),at(33,14,6)

& ,mat,mvis
common/err/ier,ierab, iersc, ierbr,devab,devsc,devbr

c

a CHECK TO SEE IF USER HAS SPECIFIED THE AFGL MODEL
c

if (ia.eq.2) go to 10
alfasezalfsct*( 1. devsc)**iersc
go to 80

c
10 if (h.gt.25000.) go to 20

zhl /1000.+2.
go to 60

a

20 if (h.gt.50000.) go to 30
ish/5000e22.
go to 60

C
30 if (h.gt.70000.) go to 40

1232
go to 60

C

40 if (h.gt.100000.) go to 50
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i:33
go to 60

C

50 alfasc=O.
go to 80

C

60 if (i.gt.0) go to 70
c USE COEF. AT GROUND LEVEL IF BELOW GROUND ALTITUDE

i=I1

C

70 alfasc=as(i)
alfasc=alfasc*( 1 .+devab)**ierab

80 return
c

end
C.

subroutine tscat (prtr)
C

a TSCAT COMPUTES THE SCATTERED POWER AT THE SR DUE TO SCATTERING
c FROM THE TRANSMITTER. INCLUDED IN THE CALCULATIONS
c ARE SIDELOBES AND SCATTER FROM THE OPTICS.
c

a ALAM - LINK WAVELENGTH
c DT - DIAMETER OF XMTR OPTICS
a PT - XMTR POWER
c ASR - AREA OF SR OPTICS
c ANG - THETA TO TRANS1ITTER
c BSDFX - FACTOR USED IN COMPUTING WINDOW SCATTER
c BAFEFF - EFFECTIVE SUPPRESSION OF BAFFLE FACTOR
c BAFRAT - FUNCTION WHICH CALCULATES BAFEFF
c
c PTS - TOTAL POWER FROM WINDOW SCATTER
a PSL - TOTAL POWER FROM SIDE LOBES
c PRTR - TOTAL POWER CONTRIBUTION FROM XMTR
a

common/ flags /mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,
& irtype, ihet, ibflag, iw

common/ tdata /blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common/ srdhta /asr,hs,phi,phiaz,dphi
common/ idata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw
data hatm/100000./

C

pi:3.1415927
pts=O.
psl=O.
prtr=O.
bafeff=O.
ang=angtr
if (ang.gt.1.57) go to 30

C



74

a CALCULATE EFFECTIVNESS OF BAFFLE
c

bafefef=bafrat(bdrt,dt,ang,blt)
C

o COMPUTE WINDOW SCATTER
C

o COMPUTE DISTANCE TO TRANSMITTER
rs=sqrt (x**2+rpx**2)

C

o COMPUTE TRANSMITTANCE

if (istog.eq.0) go to 10
• C

c SPACE TO GROUND EXCEPTION

call trans (hatm,hs,hatm-hs,t)
go to 20

c" 10 call trans (ht,hs,rs,t)

-C COMPUTE TOTAL POWER DUE TO WINDOW SCATTER

20 bsdfx=bsdf(ang)
pts:asr*bsdfx*pt*t/rs**2*bafeff*cos (ang)

a

a CALCULATE SIDELOBE LEVEL FOR XMTR
xj=8.*alam*pt*cos(ang)/(97.40909*dt*ang**3)

psl=xj*asr*t*bafeff/rs**2
C

c COMPUTE TOTAL POWER FOR WINDOW SCATTERING AND SIDELOBE LEVEL
30 prtr=pts+psl

return
end

C.

function bsdf(ang)
C
a THIS ROUTINE CALCULATES THE SCATTERING OFF OF THE TRANSMITTER
c OPTICS. THEORY PREDICTS A LOG-LOG LINEAR CURVE WITH A SLOPE OF
0 -2.0. THE USER CAN SELECT ANY SLOPE HE WISHES. GROSS ANOMALIES
o MAY BE ACCOUNTED FOR BY USING NG *GLITCHES* OF AMPLITUDE
0 GAMPL(UG), FROM THETA=GSTART(NG) DEGREES TO THETA= GEND(NG)
c DEGREES.
c
a YBSDF - Y-INTERCEPT OF BSDF (AT 1 DEGREE)
a SBSDF - LOG-LOG SLOPE OF BSDF
c GSTRA - START OF DISCONTINUITY (GLITCH)
c GENRA - END OF DISCONTINUITY (GLITCH)
a GAMPL - AMPLITUDE OF DISCONTINUITY IN SPECIFIED RANGE
a
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common/ tbsdf / ng,gstart(3) ,gend(3) ,gampl(3) ,ybsdf,sbsdf,nbak,noa
& , ibsdf

common/err/ier, ierab, iersc, ierbr, devab, devsc, devbr
C

c BSDF CURVE USING LOG-LOG STRAIGHT LINE APPROXIMATION
bsdf- ybsd f*( ang*57.2958 )**sbsdf

C

if (ng.eq.0) go to 20
C
e ADD IN GLITCHES IF SPECIFIED
C

do 10 iz1,ng
gstra=gstart(i)/57.2958
genra=gend(i)/57.2958
if (ang.ge.gstra.and.ang.le.genra) bsdf=gampl(i)

1 0 continue

a ADD ERROR ANALYSIS DEVIATION

20 bsdf=bsdf*(o.idevbr)**ierbr
return

end

C.

subroutine rscat (prec)
C

c RSCAT COMPUTES THE CONTRIBUTIONS FROM REFLECTIONS OFF THE
a BACKSTOP AND RECEIVER
c

c DR - DIAMETER OF RCVR OPTICS
c ASR - AREA OF SR OPTICS
c PHIT - XMTR BEAMWIDTH
c TL - TRANSMITTANCE BETWEEN XMTR AND RCVR
c TS - TRANSMITTANCE BEWEEN RCVR AND SR
c PBACKS - POWER REFLECTEDFROM BACKSTOP
c POA - POWER REFLECTED FROM RECEIVER OPTICS
c BAFEFF - FACTOR REPRESENTING EFFECTIVENESS OF BAFFLE
c BAFRAT - FUNCTION TO CALCULATE BAFEFF
C

common/ flags /mode, mcomp,mp, lam, mode sw, lunit,nout, istog, iotype,
& irtype,ihet,ibf lag, iw

common/ tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common/ rdata / blr,dr,hr,gl,bdlr
common/ srdata / asr,hs,phi,phiaz,dphi
common/ idata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw
data pi / 3.1415927 /
data hatm/100000./

thetap=pi-angrec
-backsO.
poa=O.
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bafeff-O.
C

C CALCULATE EFFECTIVENESS OF BAFFLE
c

bafeff=bafrat ( bdlr,dr, thetap, blr)

if (istog.eq.0) go to 10
~C

" c SPACE TO GROUND EXCEPTION
c

call trans (hatm,hr,hatm-hr,tl)
go to 20

c
10 call trans (ht,hr,rl,tl)
20 rs=sqrt ( (rl-rpx) **2 x**2)

call trans (hr,hs,rs,ts)
c COMPUTE POWER AT RECEIVER

prec=ptmtl
C

a COMPUTE POWER REFLECTED FROM BACKSTOP - ASSUMES BACKSTOP
a IS AT LEAST AS LARGE AS THE BEAM DIAMETER
c

pbacks=prec*ts*rhobak(thetap)*asr/( rs)**2
C
c COMPUTE POWER REFLECTED FROM RECEIVER
c

if (thetap.gt.1.57) go to 30
poa=prec*ts*asr*(dr/( rs*rl*phit) ) **2*bafeftf*rhooa( thetap)

c

c SUM CONTRIBUTIONS
C
30 prec=pbacks.poa

return
end

C.
function rhobak (the tap)

c

c RI!OBAK COMPUTES REFLECTANCE OF BACKSTOP

c BMAXS - MAXIMUM OF SPECULAR COMPONENT
c BFWHMS - FULL WIDTH AT HALF-MAXIMUM OF SPECULAR COMPONENT
c PSIEFF - ANGLE BETWEEN NORMAL OF BACKSTOP AND LINK OPT. AXIS
c THETS - ANGLE BETWEEN SPECULAR COMPONENT AND SR OPT. AXIS
c RHOBAK - REFLECTANCE OF BACKSTOP
c

common/rsct/oasmax,diffoa,oafwhm,bmaxs,bfwhms,bdiff(6),psiaz,psiel
& ,gams

common/ flags /mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,
& irtype, ihet, ibflag, iw
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common/ idata Irl,alam,rpx,theta,x~angtr,angrec,gamint,bw
C
c COMPUTE BACKSTOP ORIENTATION FACTORS

rhobak=O.
csl~x*(sin(psiaz)'cos(gamint).sin(psiel)*sin(gamint)).(rl-rpx)'cos

&(psiel)'cos~psiaz)
C

o ANGLE BETWEEN BACKSTOP NORMAL AND SR

psieft'acos(csl/sqrt(x"*2.(rl-rpx)*"2))

C CHECK TO SEE IF SR IS BEHIND BACKSTOP
a

if (psiet±'.gt.1.57) go to 10
cs2=2.*asin((sin(psiaz))**2,(sin(psiel))**2)
thets=acosC (x'sin(cs2) +(r1-rpx)*cos(cs2) )/sqrt(x**2.(r.1-rpx)**2))

C
backstxbmaxs'exp(-2.773*( thets/bfwhms)**2)

C ADD DIFFUSE AND SPECULAR COMPONENTS

( rhobak:(bdiff(lm)/3.1159+backst)*cos(psieff)
a

10 return
end

C.
function rhooa(thetap)

a RHOOA COMPUTES THE DIRECTIONAL REFLECTANCE OF THE RECEIVER
c NORMALIZED TO 1 WATT/SR. A SPECULAR COMPONENT IS DEFINED BY
c A GAUSSIAN, AND A DIFFUSE COMPONENT IS A CONSTANT REFLECTION COEF

c OASMAX - MAXIMU]M OF SPEGULAR COMPONENT
a OAFWHM - FULL WIDTH AT HALF MAXIMUJM OF SPECULAR COMPONENT
o DIFFOA - DIFFUSE REFLECTANCE

c RHOOA - REFLECTANCE OF RECEIVER OPTICS

oommon/rsct/oasmax,diffoa,oafwhm,bmaxs,bfwhm,bdiff(6) ,psiaz,psiel
& ,gams

common/ idata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw
data onedeg,pitr2d/.0174I532925,3.141592654,57.29577951/

C
thetap=pi-angree

C
c SPECULAR COMPONENT

oa=(oasmax-diffoa)'exp(-2.773*(thetap/oafwhm)**2)
C

o ADD DIFFUSE COMPONENT
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C
rhooa=(ditffoa/pi+oa) *eos(thetap)

return
end

function bafrat~dl ,d2,theta,bl)
C
c THIS FUNCTION CALCULATES THE EFFECTIVENESS OF THE RECEIVER
c ANJD TRANSHITTER HOODS. DI MUST BE >= D2.
c

if (bl.le.O.) go to 20
Pi=3.l115927
rl~dl/2.
r2zd2/2.

thetap=theta
if (thetap.ge.1.57) thetap=pi-theta

c
a C2 IS THE PEEP. DISTANCE BETWEEN THE CENTER OF THE CIRCLES
C

c2=tan(thetap)*bl
if (c2.ge.(rl~r2)) go to 10
if (c2.1e.(rl-r2)) go to 20

c
o X AND Y ARE COORDINANTS OF INTERSECTION OF THE TWO CIRCLES
a

x=(rl '*2-r2**2.c2*"2) /(2.'c2)
y=sqrt(rl '*2-x**2)

thetal =atan.( y,x)
theta2=atan2(y, (o2-x))

C
o SOLVE FOR OVERLAPPIN~G AREA OF CIRCLES

C
area~rl *!2*thetal -x'yir2*0 2'theta2-( c2-x)*y_

bafratzarea/( pi'r2*2)
goto 30

C
10 bafrat=-O.

go to 30
c
20 bafrat:1.
30 return

end
C.

subroutine ston
C
c INPUTS
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c XM = MODULATION INDEX =1
c ETA z QUANTUM EFFICIENCY
c ALAM = WAVELENGTH
0 F = NOISE ASSOCIATED WITH GAIN
c BWR = RECEIVER BANDWIDTH
c PTHERM= THERMAL NOISE EQV POWER
a DARKI- DARK CURRENT
c G = PREDETECTION GAIN
c PS = SIGNAL POWER
c PB = BACKGROUND (ROUTINE)

o OUTPUTS
' c SN- SIGNAL TO NOISE,DB

iC

c ROUTINES CALLED - BACK COMPUTES BACKGROUND SIGNAL POWER

common/ flags /mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,
& irtype, ihet, ibflag, iw

i common/ tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
jcommon/ rdata / blr,dr,hr,gl,bdlr

common/ srdata / asr,hs,phi,phiaz,dphi
.4common/ idata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw

c darki & ptherm replace pnep add g *
common/ sndata / bwr,eta,f,em,pb,ps,darki,ptherm,snpndb,sndb,xm,

& bwopt,nflg,g
data hc/1.986305188e-25/

if (ihet.eq.1) go to 10
c
c HETERODYNE S/N EXPRESSION
c WARNING : THE VALIDITY OF THIS EXPRESSION WAS UNDER
c QUESTION AT TIME OF WRITING(SEE DOCUMENTATION)
c

sn=em*eta*alam*xm**2*ps/(bwr*hc)
go to 20

c
c
a * modify s/n expression to account for separation of
c dark current and thermal noise *
c DIRECT DETECTION S/N
10 xnl =xm**2ps**2

xn2=2.*hc/(eta*alam) *f
c EQV. POWER THAT GIVES RISE TO DARK CURRENT

pdzhc/(eta*alam* 1 .6e-19*g)*darki
call back
sn=xnI/( (xn2*(ps.pb+pd)+ptherm*'2) *bwr)

20 sndb-10.*aloglO(sn)
return
end

. i " ................................... , . ... 22 ....... ..... ,.,.
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subroutine back
c

0 THIS SUBROUTINE CALCULATES THE BACKGROUND POWER
c

c EMM - EMMISTIVITY OF SOURCE
a OMGREC - SOLID ANGLE FOV OF RECEIVER
c NFLG - DAY/NIGHT FLAG (1 IF NIGHT)
c RHO - REFLECTANCE OF SURFACE
c BWOPT - OPTICAL BANDWIDTH, MICRONS
c 6MGSUM - SOLID ANGLE SUBTENDED BY SUN(SR)
a PSOLAR - BACKGROUND POWER FROM RADIATION OF SUN
a PBLK - BACKGROUND POWER FROM BLACKBODY RADIATION OF EARTH
c PBACK - TOTAL BACKGROUND POWER
c
c
c * darki & ptherm replace pnep add g *

common/sndata/bwr,eta,f,em,pb,ps,darki,ptherm,snpndb,sndb, xm,
& bwopt,nflg,g

common/srdata/ asr, hs, phi, phiaz, dphi
common/ldata/rl,alam,rpx,theta,x,angtr,angrec,gamint,bw
data rho/3./,emm/1 ./,temblk/293./

* "data cfudge/.01/
dimension solvir(183),soluv(20)

a THE DATA IN ARRAYS SOLVIR AND SOLUV ARE HLAMDA IN UNITS
c OF WATTS PER SQUARE METER PER MICRON AND ARE FROM
a THE HANDBOOK OF GEOPHYSICS AND SPACE ENVIRONMENTS
c FOR AN AIR MASS OF 2.
C

data solvir/
& 54.0, 101., 151., 188., 233., 279., 336., 379., 470., 672.,
& 733., 787., 911.,1006.,1080.,1138.,1183.,1210.,1215.,1206.,
& 1199.,1188. ,1198. ,1190.,1182. ,1178. ,1168. ,1161. ,1167. ,1168.,
& 1165.,1176.,1175. ,1173.,1166.,1160. ,1149., 978.,1108.,1070.,
& 832., 965.,1041., 867., 566., 968., 907., 923., 857., 698.,
& 801., 863., 858., 839., 813., 798., 614., 517., 480., 375.,
& 258., 169., 278., 487., 584., 633., 645., 643., 630., 620.,
& 610., 601., 592., 551., 526., 519., 512., 514., 252., 126.,
& 69.9, 98.3, 164., 216., 271., 328., 346., 344., 373., 402.,
& 431., 420., 387., 328., 311., 381., 382., 346., 264., 208.,
& 168., 115., 58.1, 18.1, .660, 0.00, 0.00, 0.00, 0.00, 1.91,
& 3.72, 7.53, 13.7, 23.8, 30.5, 45.1, 83.7, 128., 157., 187.,
& 209., 217., 226., 221., 217., 213., 209., 205., 202., 198.,
& 194., 189., 184., 173., 163., 159., 145., 139., 132., 124.,
& 115., 105., 97.1, 80.2, 58.9, 38.8, 18.4, 5.70, .920, 0.00,
& 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, .705,
& 2.34, 3.68, 5.30, 17.7, 31.7, 37.7, 22.6, 1.58, 2.66, 19.5,
& 47.6, 55.4, 54.7, 38.3, 56.2, 77.0, 88.0, 86.8, 85.0, 84.4,
& 83.2, 20.7, 0.00/

data soluv/
& .177, .342, .647, 1.16, 1.91, 2.89, 4.15, 6.11, 8.38, 11.0,
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& 13.9, 17.2, 21.0, 25.4, 30.0, 34.8, 39.8, 44.9, 49.5, 54.0/
C
c PLANCK*S EQUATION FOR SPECTRAL DISTRIBUTION

c1(alamda,temp)=emm* I.19096e-22/(alamda**5*(exp (.43879e-2/(alamda
& *temp))-1.))
C

c SOLVE FOR HLAM USING INTERPOLATION ROUTINES
C

hlam=O.
pblk=O.
psolar=O.

a CALCULATE RECEIVER*S SOLID ANGLE FOV, STER
omgreczphi*phiaz

C

c CHECK TO SEE IF DAY OR NIGHT
if (nflg.eq.3) go to 40

C
if (alam.ge.3.Ole-7.and.alam.lt.3.20e-7) go to 10
if (alam.ge.3.2Oe-7.and.alam.lt.2.14e-6) go to 20
go to 30

o

10 hlam=odlie(alam,soluv,.O0 e-6,.301e-6,20)
go to 30

c

20 hlam=odlie(alam,solvir,.Ole-6,.32e-6,183)
a
a
a COMPUTE CONTRIBUTION FROM SOLAR RADIATION
30 psolar=rho*bwopt*asr*omgrec*h.am/(3.14159*2)
C
o

a CLOUDY DAY FUDGE FACTOR
C

if (nflg.eq.2) psolar=psolar*cfudge
c
0 COMPUTE CONTRIBUTION FROM BLACKBODY RADIATION OF EARTH
40 if (alam.gt.1.5e-6) pblkzasr*omgrec*bwopt*cl(alam,temblk)
C
a SUM CONTRIBUTIONS
c

pbzpsolar+pblk
return
end

C.

function odlie(xO,f,dx,xs,n)
C

c one-dimensional linear interpolation routine for
c equally-spaced data
c
c xO=value for which f(xO) is desired
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a t'~array containing values of dependent variable
c dx~increment for independent variable
a xs=starting value of independent variable
c n~number of points in f
c

dimension f(n)
q=(xO-xs)/dx+1 .0
kcint(q)

if (k.gt.n-1) i~n-I
if Ck.ge.1.and.k.le.n-1) i~k

return
end

a.

c add subroutine batch
subroutine batch

o READS INPUTS FROM4 A USER SPECIFIED FILE, N, IN NAMEL.IST
c FORMAT. THE NAMLIST NAME IS INPUT.

common / flags / mode,mcomp,mp,lam,modesw,lunit,flout,istog,iotype,
& irtype,ihet,ibflag, iw

common / blocki / xmod(6),gainsr(6),qe(6),tfloise(6),srbw(
6),

& srdark(6) ,srther(6),
& alamdaC6),obw(6),nholC6)

common /tdata Iblt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common /rdata /blr,dr,br,gl,bdlr
common /srdata /asr,hs,phi,phiaz dphi
common /ldata /rl,alam,rpx,theta~x,angtr,angreC,gamint,bw
common / ardata /bwr,eta,f,em,pb,ps,darki,ptherm,snpndb,sl db,xm,

& bwopt,ritlg,g
common / atmos /alfa(5,2),alfsct,al'ab,ia,ab(33),as(33),at(33,

14,6),
& mat,xvis

common / tbsdf /ng,gstart(3) ,gend(3) ,gamplC3) ,ybsdf,sbsdf,nbak,noa,
& ibsdf

common / rsct / oasmax,diffoa,oafwhm,bmaxs,bfhs,diff(
6) ,psiaz,

& psiel,gams
common / pltc / xint(200),yint(200),h(200),contr(2),np,note
common / wavetm /npts,t,form0(1000) ,forml(1000) ,powerO(1000),

& poweril1QO)
data dcomp,r2d /0.0,57.295779/
nainelist /input / lam,alamda,ia,alfsct ,alfab, at,mat,mvis,ab,as,

& dt,phit,ibsdf,ybsdf,sbsdf,ng,gstart,gend,gampl,dr,fbak,bmaxs,bwhms,
& bdiff,psiaz,psiel,noa,oasmax,oafwhm,diffoa,pt,rl,ht,hr,istog,x,
& theta,gl,ibtlag,sigj ,iw,rd,grndi,mcomp,mp,irtype,=n,ihet,em,eta,f,
& bwr,darki,ptherm,bwopt,nflg,bw,asr,phi,phiaz ,blt,bdrt,blr,bdlr,hs,
& gamint,mode,rpx,dcomp,t,npts,formO,forml ,g
c READ INPUTS

write(6 ,200)
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200 tormatC/,10x,"input file?")
read(5,100) n

100 tormat(v)
read(n,input)
close (n)

a SELECT WAVELENGTH
it (lam.ne.6.and.lam.ne.O) alam~alamda(lam)

c LOAD THE ABSORPTION AND SCATTERING ARRAYS AB AND AS
A matl:2*mat-1

mat2=matl +1
mvisl :10+2'mvis-1

* '1 mvis2=mvisl+1
* do 10 J=1,33

ab(j)=(at(j,matl,lam)+at(j,mvisl,lam))'1.0e-3
10 as(j)=(at(j,mat2,lam).at(j,mvis2,lai))'1.0e-3
c CHECK FOR DIFFRACTION LIMIT

* diffl:1.22*alam/dt
it (phit.lt.dittl) go to 20

-~a CHECK FOR HETERODYNE RCVR IN MODE 6
4 if (mode.eq.6.and.ihet.eq.2) go to 30

c CHECK NPTS ODD
if (npts.eq.2*(npts/2)) go to 40O

a CONVERT TO RADIANS
psiaz=psiaz/r2d
psiel=psiel/ r2d
theta~theta/r2d
gamint=gamint/r2d

c SET DEFAULT VALUES
*if (bdift.gt.O.O) dift(lam):bdif

it (nbak.eq.3) bmaxs=bditt
if (istog.eq.1) mcomp=1
if (xm.eq.O.O) xm=xmod(lam)
if (ihet.eq.O) ihet:1
it (eta.eq.O.O) eta~qe(lam)
it (t.eq.O.0) fztnoise(lam)
if (bwr.eq.O.O) bwr~srbw(lam)
if (darki.eq.0 .0) darkicsrdark( lam)
if (ptherm.eq.O.0)' pthermzsrther(lam)
if (g.eq.O.O) g~gainsr(lam).
if (bwopt..q.O.O) bwoptzobw(lam)
if (bdrt.eq.O.O) bdrtzdt
it (bdlr.eq.O.O) bdlrzdr
if (doomp.ne.O.and.mode.eq.4) contr(l)=dcomp

i10 radians")dmdeeq5 cnr()dcm

20 write(6,210) phit,diftl
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30 write(6,220)
220 format(/,l0x,"Pr(e) analysis not valid for heterodyne receivers")

stop

410 write(6,230)
230 format(/,10x,"npts must be odd")

stop
end

41



SECTION IV

PROBABILITY OF ERROR SUBROUTINE

4.



PROBABILITY OF ERROR SUBROUTINE

The subroutine ERROR is a FORTRAN program to calculate upper

and lower bounds on the probability of bit error for any direct

detection optical communication receiver for which the power waveform

incident on the detector may be considered non-stochastic. The probabil-

ity of error bounds are implemented by means of the Bhattacharyya

distance measure.

41 The performance bounds are based on the received power wave-

forms given mark and space. Thus, the lower bound is the absolute best

performance one might possibly achieve given the received signal set.

The upper bound is the worst one will do ass=in the receiver implements

the optimal decison rule on the detector output.

The inputs are passed to the program in labeled common. The

sampled received power waveform given mark and the received waveform

given space as well as the number of sample points and the bit duration

appear in the common WAVEFM. The number of samplepoints must be odd.

The pertinent receiver parameters are passed in the common RCVR. Or

it may be more convenient to insert the common blocks from the main

program that contain the necessary information. The labeled common

INTER passes data to the external Bhattacharyya distance functions.

The program returns as arguments the uDoer and lower bounds

on the probability of bit error and a flag indicating whether the
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performance is (1) shot noise limited, (2) thermal noise limited, or

(3) a combination of shot and thermal noise. if the receiver noise is

a combination of shot and thermal or excess noise, both the performance

assuming a Poisson model and the performance assuming a Gaussian

model are returned for user comparison.

The Bhattacharyya distance integrals are evaluated using Simpson's

rule for integration. To the extent that the sample points adequately

represent the wavef6rm in a piece-wise sense, Simpson's rule is

accurate enough.

The OFF-AXIS program suDplies the dark current, iD, and the

thernal noise equivilent power, Ptherm' rather than the dark power, P

and the spectral density of the thermal noise, Nn/2. To avoid unnecessary

computations the subroutine as it appears in my thesis was modified

slightly. The relationship between the parameters is

PD = i /eG NO/2 = I/2(eGPhe)2

D =D- therm

The modification is straightforward substitJtion and cancelation of

terms.

Following is a flow chart and listing of the subroutine

ERROR.
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Program listing of subroutine ERROR

f!



SUBROUTINE ERROR

a z,7X/hc

PNBa+ ~D

CALCULATE
AVERAGE
RECEIVED

POWER

440



A
INFLAG 2

CALL SIMP
T

B 24 (PSO Mt - PS, (M') d t

THTHERM

NFLAG: I

CALL SIMP
T -

BV"Pj (t + TJpmV'.ThTp dt

/RETURN
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C

NFLAG :3

'THERP

P2PN+

* CALL SIMP
T )

Bu Ffa,(,/. M +PN z-/PSI () PN dt
0

4

CALL SIMP
(Pso~tPt)

0 (" t+ PSI (t) +2 PN

( (PSO (t) + PNSI(t) + PN

RETURN
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Flow chart of subroutine ERROR
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C.
subroutine error(nflag,lobndl,upbndl,

& lobnd2,upbnd2)
c
c CALCULATE PROBABILITY OF BIT ERROR
c
c INPUTS:
c psO(i) - SAMPLED RCVD SIGNAL POWER
c WAVEFORM GIVEN SPACE (W)
c psl(i) - SAMPLED RCVD SIGNAL POWER
c WAVEFORM GIVEN MARK (W)
c npts - NUMBER OF SAMPLED WAVEFORM
c POINTS. NPTS MUST BE ODD.
c t - BIT TIME INTERVAL (S)
c eta - DETECTOR QUANTUM EFFICIENCY
c g - DETECTOR GAIN
c f - EXCESS NOISE
c alam - OPTICAL WAVELENGTH (M)
c ptherm - NOISE EQUIVALENT POWER OF
c THERMAL NOISE (W)
c pback - BACKGROUND POWER (W)
c darki - DETECTOR DARK CURRENT (A)
C
c RETURN:
c upbndl - SHOT NOISE LIMITED UPPER
c BOUND ON PROBABILITY OF ERROR
c lobndl - SHOT NOISE LIMITED LOWER
c BOUND ON PROBABILITY OF ERROR
c upbnd2 - THERMAL NOISE LIMITED UPPER
c BOUND ON PROBABILITY OF ERROR
c lobnd2 - THERMAL NOISE LIMITED LOWER
c BOUND ON PROBABILITY OF ERROR
c nflag - PERFORMANCE FLAG
c 1 - SHOT NOISE LIMITED
c 2 - THERMAL NOISE LIMITED
c 3 - COMBINATION OF SHOT AND
c THERMAL OR EXCESS NOISE
C
c INTERNAL VARIABLES:
c b - BHATTACHARAYYA DISTANCE
c pnoise - EFFECTIVE NOISE POWER (W)
c pave - AVERAGE RECEIVED POWER
c alpha - OPTICAL POWER TO AVERAGE
c PHOTON COUNTS
c eg - PHOTON COUNTS TO CURRENT
C

common / wavefm / npts,t,formO(1000),
& forml (1000) ,p30(1000) ,psl (1000)

common / ldata / rl,alam,rpx,theta,x,
& angtr,angrec,gamint,bw
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common /sndata / bwr,eta,f,em,pback,ps,darki,
& ptherm,snpndb,sndb,xm,bwopt ,nflg,g

common / inter / pnoise,alpha,eg,fnoise

external funcl,func2,func3
real lobndl ,lobnd2

alpha~eta*alam/( 2.998e8*6 .626e-34)
eg~g*1 .6e-19
fnoi se :f

pnoise~pback+darki/( alpha*eg)

c CALCULATE AVERAGE POWER
pave:O .0
do 10 i:1,flpts
pave~pave+psO( i) .ps ( i) *10 continue
pave:O .5*pave/npts+pnoise

c
c THERMAL NOISE LIMITED?

if (alpha*0 .5*ptherm**2.gt.1O.0*f*pave)
& go to 40
c EXCESS NOISE?

if (f.gt.1.O) go to 20
C SHOT NOISE LIMITED?

if (pave.gt.1O.0*alpha*O.5*ptherm**2)

& go to 30

20 nflag=3
pnoise~pnoise+alpha*O .5*ptherm**2/f
b=0 .5*f*simp( fundl)
upbndl=0.5*exp(-b)
lobndl:0 .25*exp(-2.O*b)
b=O.5*simp( func3)
upbnd2=O.5*exp( -b)
lobnd2=0.25*exp(-2.0*b)
return

c
30 nflag=1

b=O.5*simp(funcl)
upbndl:0 .5*exp(-b)
lobndl:0 .25*exp(-2.0*b)
return

c
40 nflag=2

b=O .25*simp( func2)/ptherm**2
upbnd2=0 .5*exp (-b)
lobnd2=0.25*exp(-2.0*b)
return
end
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function simp(func)

c SIMPSONS RULE INTEGRATION OF

c FUNCTION FUNC
C

common / wavefm / npts,t,formO(1000),I
& forml(1000),psO(1000),psl(1000)

double precision sum
c

sum=0 .0
do 10 i~l,npts-2,2
term~func(i)+4*func(i+1 )+func~i+2)
sum~sum+term

10 continue

return
end

c .

function func(i)
C

c BHATACHARAYYA DISTANCE FUNCTIONS
c

common / wavefm / npts,t,fO(1000),
& fl(1000),pO(1000),pl(1000)

common / inter / pn,a,e,f
C

c POISSON PROCESS
entry funcl(i)
func~a*(scjrt(p1(i)+pn)-sqrt(pO(i),pn))**2
return

c
c GAUSSIAN PROCESS

entry func2(i)
func=(p ( i)-pO( i)) **2
return

c
c GAUSSIAN PROCESS - TIME VARYING VARIANCE

entry func3(i)

& (2.O4*f*(pl( i)+pO( i)+2.O*pn))+
& alog((pl( i)+pO(i).2.O4 *pn)/
& (2.O* sqrt((pl(i)+pn)4* (pO(i).pn))))

return
end
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APERTURE AVERAGING CHECK ROUTINE
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APERTURE AVERAGING CHECK SUBROUTINE

The subroutine APERTR is a FORTRAN subprogram to calculate if

there is enough aperture averaging to ignore the effects of atmospheric

turbulence in the clear atmosphere between the scattering volume and

the off-axis receiver.

As shown in Figure 1, the scattering volume may be viewed as an

extended incoherent source localized to a plane parallel to the receiver

aperture. This effective transmitter aperture is located a distance L

from the receiver. If we assume that the scattering volume fills the

receiver field of view, the area of the effective transmitter aperture

may be calculated from the rectangular field of view of the receiver

At = 2L sin(e/2) • 2L sin( p/2) (1)

where 0 is the receiver field of view in the intercept plane and p is

the field of view perpendicular to the plane.

The effective transmitter aperture may be thought of as a

collection of coherence cells, from each of which the light will arrive

at the receiver with statistically independent fading. The area of

each coherence cell is rp 2/4 where p is the coherence distance. If
00

the effective transmitter contains many, one hundred or more, coherence

cells the random fading will be 'averaged out' over the statistically

independent channels. For receivers collecting power from a scattering

volume, the field of view will most likely be large enough that this

condition is met.
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For paths with uniform turbulence

0= Cl.09 (2w/X)2 Cn2 L/" 3 5 (

where X is the wavelength and Cn2 the atmospheric structure constant.

The program selects from three values of Cn2, corresponding to mild,

moderate or severe turbulence.

If the above condition is not met, the program assumes that the

off-axis receiver is narrowing in on a signal from a reflecting surface.

The effective path length is now the total path from the transmitter

to the reflecting surface to the receiver.

L = [rpx - x/tan(e)) + x/sin(e) (3)

In a similar manner the receiver aperture can be broken up into coherence

cells each of area ip 2/4. The coherence distance, po' is calculated

as aoove using the value of L calculated in Eq.(3). Again, if there are

one hundred or more coherence cells in the receiver aperture, each

experiencing random fading, the effects of fading will be averaged out.

If neither of the above conditions is met, the program prints

out a warning that performance may be degraded due to turbulence induced

fading.

Following is a listing of the subroutine APERTR.
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Program Listing of Subroutine APERTR
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C.

subroutine apertr
c

c CALCULATES IF THERE IS ENOUGH APERTURE
c AVERAGING TO IGNORE THE EFFECTS OF
c FADING DUE TO TURBULENCE
c
c VARIABLES:

* c iw - TURBULENCE FLAG
c 1-SEVERE 2-MODERATE 3-WEAK
c cnsq - ATMOSPHERIC STRUCTURE
c CONSTANT (M**2/3)
c arho - TURBULENCE COHERENCE
c CELL AREA (M**2)
c x - PERPENDICULAR DISTANCE
c SR TO BEAM (M)
c rpx - DISTANCE TRANSMITTER TO SR
c OPTICAL AXIS (M)
c theta - ANGLE LINK AXIS TO SR
c OPTICAL AXIS (RAD)

phi - SR FOV IN INTERCEPT
c PLANE (RAD)

I I- c phiaz - SR FOV OUT OF PLANE (RAD)
c 1 - EFFECTIVE PATH LENGTH (M)

asr - SR APERTURE AREA (M**2)
c atr - SCATTERING VOLUME EFFECTIVE
c APERTURE AREA (M**2)

c alam - WAVELENGTH (M)
c

common / flags / mode,mcomp,mp,lam,modesw,
& lunit,nout,istog,iotype,irtype,ihet,ibflag,
& iw

common / idata / rl,alam,rpx,theta,x,
& angtr,angrec,gamint,bw

common / srdata / asr,hs,phi,phiaz,dphi
dimension cnsq(3)
data cnsq / 2.85e-13,1.0e-13,8.5e-15 /
data pi / 3.142 /

l=x/sin(theta)

atr=4.0*l**2*tan(O.5*phi)*tan(O .5*phiaz)
arho=pi*(43.03*cnsq(iw)*i/alam**2)**-0.6/4
if (atr.gt.100*arho) return

C

write (6,200)
200 format (6x,1"program assumes SR is ,
& "narrowing in on a reflecting target",/)

l=rpx-x/tan(theta) +x/sin(theta)
arho=pi*(43.03*cnsq(iw)*i/alam**2)**-0.6/4
if (asr.gt.100*arho) return



6

C
temp 1 00*arho
write (6,210) temp

210 format (6x,"performance may be degraded by",
& "1 fading due to turbujlence",/,6x,"minimum "

& "ISR aperture for complete averaging ist?
& lpell.3," meters**21t,/)

return
end
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ABSTRACT

4,

The performance of off-axis optical communication receivers
is considered. A statistical model of the photodetection process is
presented and the influence of the received field statistics on the
photodetection process is discussed. Upper and lower bounds on the
probability of bit error for binary, one-shot, digital communication
systems utilizing direct detection are developed. These bounds are
based on the Bhattacharyya distance measure. A computer program is
developed, which when interfaced with existing programs that model the
propagation of optical radiation through the atmosphere, predicts the
probability of bit error performance for off-axis optical communication
systems.
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GLOSSARY

- Proportionality constant, nP(t)/hv.

B - Bhattacharyya distance

B0  - Bandwidth of optical filter

Cn2  - Atmospheric structure constant

F - Excess noise factor

G - Mean detector gain

n -Detector quantum efficiency

h - Planck's constant

h(t) - Impulse response of the post-detection electronics

I - Identity matrix

L - Optical path length

L(x) - Likelihood ratio

X(t) - Rate function of an Inhomogeneous Poisson process

A - Covariance matrix of a Gaussian random vector

m - Mean of a Gaussian random process or variable

v - Nominal optical frequency

N - Number of samples of a random process

NB - Power density of background noise

N0/2 - Bilateral spectral density of thermal noise

N(t) - Poisson process

Ps(t) - Received signal power waveform

PS- Average received signal power

PB- Collected background power

PD - Equivalent power that gives rise to the dark current
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PN - Effective noise power

Pr(e) - Probability of bit error

P IH(xIH) - Probability distribution of x conditioned on hypothesis H

Po - Atmospheric coherence distance

a - Variance of a Gaussian random process or variable

* T - Bit duration time

S ,. - Event times of carrier generation

S- Field of view

- Diffraction limited field of view
w - Bandwidth of post-detection processing

x - A random process or variable

y - A random process of variable

y admpocs fvral
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CHAPTER ONE

INTRODUCTION

In recent years there has been a tremendous interest and growth

in communication systems utilizing light transmitted over optical fibers.

Opitcal fibers provide a more benign propagation medium than is

available in the open atmosphere. The atmospheric channel suffers from

scattering due to suspended particles, random refractive index fluctuations

and limitations due to bad weather. However, the increasing congestion

of the electro-magnetic spectrum has increased interest in the use of

optical frequencies for situations in which mobility, geographical

constraints or the desire to broadcast to a number of users precludes

4the use of cabled connections.

Off-axis Optical Communication

This study will concentrate on systems that rely on the atmospheric

scattering to establish over-the-horizon communications or non-line-of-

sight broadcast capabilities. A number of authors have considered such

systems [1-4]. Typical geometries for off-axis communication systems are

shown in Figure 1. The complex geometry of the off-axis link atmospheric

scattering dictates that the propagation of radiation from transmitter

to receiver will usually be modeled in a computer program. In this

paper a computer code to analyze the performance of off-axis communica-

tion receivers will be developed. This code will interface with existing

propagation programs. Analog communication will be discussed briefly,

but the major emphasis will be on analyzing the performance of digital
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systems.

A block diagram of an off-axis optical communication system is

shown in Figure 2. The information is used to modulate an optical

source. The transmitter antenna couples the source power into the

atmospheric channel. Optical antennas are basically telescopes.

Similarly, the receiver antenna couples the atmospheric channel to the

receiver detector. The characteristics of the optical antennas,

particularly the transmitter beam divergence and receiver field of view,

will greatly influence the nature of the atmospheric propagation by

determining the size of the scattering volume.

* The receiver predetection processing may include an optical

filter to limit the out-of-band background radiation or optical

processing to separate different polarization or frequency components

of the received field into different detectors. (Heterodyne receivers,

the predetection mixing of the received field with a local oscillator

laser, will not be considered for reasons discussed in Chapter Two.)

The detector converts the optical signals into electrical signals.

Finally, the post-detection processing demodulates or decodes the

electrical signal to extract the desired information.

The off-axis optical receiver problem can be separated into a

propagation problem and a performance problem. The dividing line will

be the detector surface. The optical power incident on the receiver

detector will be a function of the receiver collecting optics area and

field of view, as well as the transmitter power, beam divergence, modula-
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tion, the link geometry and the atmospheric scattering. In general, this

waveform will suffer both attenuation and time dispersion during propaga-

tion. Receiver performance will be limited by the optical power waveform

incident on the detector, the collected background radiation and the

receiver parameters that specify the quantity and nature of the detector

noise. Optical receivers exhibit fundamentally different noise

character from radio receivers due to quantum effects. Quantum effects

are important at optical frequencies because the photon energy greatly

*exceeds the thermal agitation.

.Preview

The formulation of the performance analysis problem will be

developed in Chapter Two. A statistical model of the detection

process will be presented and assumptions about the nature of the signal

incident on the detector will be explored. In Chapter Three a bound

on the performance of digital receivers based on the Bhattacharyya

distance will be developed. It will be shown that the bound provided

by the Bhattacharyya distance is a general, yet relatively simple to

calculate, bound that is amenable to computer implementation. The

algorithm for such a computer implementation will be outlined. A FORTRAN

computer routine based on the results of Chapter Three appears in the

Appendix.
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CHAPTER TWO

PROBLEM FORMULATION

In this chapter the background and restrictions of the problem

formulation will be developed. These can be roughly divided into two

areas: the detector noise model and assumptions about the interface

between the propagation and performance analysis.

Detector Noise Mechanisms

All current devices for converting optical signals into electric

signals involve energy measurement. A quantum of optical energy, the

photon, is absorbed and a charge carrier generated. Thus, photodetectors

respond only to the power, or intensity, of the optical signal rather

than to the electromagnetic field itself. The power is proportional to

the rate of photo-absorption.

The principle detectors for use in optical communication

receivers are photomultiplier tubes, semiconductor photodiodes and

avilanche photodiodes. While there are important physical differences

between these devices, it is possible to develop a single statistical

model which can, by appropriate selection of parameters, describe the

behavior of any of the above detectors. The output current of the

photodetector may be modeled as

i(t) = zegit-i) + iTt)] •h(t)

where T. are the event times of carrier generation, e the charge on the

electron, gi the detector gain for each Dhoton detection, iT a noise

T-
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current of thermal origin and h(t) the impulse response of the post-

detection amplifier or load resistor network. It is assumed that the

impulse response of the detector is faster than that of the following

electronics. A block diagram of a photodetector is shown in Figure 3.

The generation of carriers can be modeled as a Conditional

Inhomogeneous Poisson process, N(O), with rate parameter proportional

to the instantaneous signal plus background power incident or, the

detector, Ps(t) and PB respectively. The proportionality constant a

is n/hv, where hv is the photon energy at optical frequency v and n is

the quantum efficiency of the detector -- essentially the probability

a photon will generate a carrier. The discrete nature of carrier

generation gives rise to shot noise in low light levels. Additional

shot noise results from spontaneously generated charge carriers referred

to as the dark current. These emissions occur at random with average

rate aPD' where P is a fictitious power called the dark power. Though

they arise from physically different sources, it is convenient to lump

PB and PD together into an equivalent noise power, PN"

In photomultipliers and avalanche photodiodes, the charge carriers

generated by photo-absorption undergo a current multiplication within

the device. The initial charge carriers are accelerated by an electric

field creating additional carriers as they collide with the photodetector

material. These new carriers in turn create more carriers in a similar

fashion. The gain for each carrier created by photo-absorption is

random. These random gains may be modeled as independent, identically

distributed random variables of mean value G and second moment G2+x
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The quantity Gx is referred to as the excess noise factor, F. The

value of x is dependent on the particular device. For photomultipliers

the value of x is small and the gain may be considered constant. The

excess noise in avalanche photodiodes is significant enough that it

must be modeled. In contrast to photomultipliers and avalanche

photodiodes, photodiodes have unity gain.

To these current pulses is added a thermal noise iT(t). This

current is a wide-band noise associated with any internal detector

resistance, the load resistor, or the front-end noise of any following

electronics. It is reasonably modelled as a white Gaussian random process

with zero mean and bilateral spectral density, No/2, of 2kTk/Re . Here

k is Boltzmann's constant, Tk the absolute temperature and R thek e

effective load resistance. The thermal noise will be especially signifi-

cant for detectors that do not have internal gain.

One may define a signal-to-noise ratio, SNR, as the squared

average expected value of the signal component of'i(t) divided by

the variance of i(t). It can be shown [5] that

E[i(t) Ps)2
SNR = 2i]R=VAR~i(t [Fa(P s+PM) + N0/2(eG)2]2W

where W is the bandwidth of the following electronics. The first term

of the denominator is the variance due to shot noise while the second

term is due to the thermal noise. Notice that if the gain is large and

constant the effects of thermal noise can be neglected. This is the
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shot noise limit. However, if gain fluctuations exist, F will be a

func~ion of G. Thus, some optimal mean gain value will exist which

maximizes the signal-to-noise ratio by balancing the shot noise

variance and the thermal noise variance. Without internal gain or

cryogenic cooling the thermal noise will usually swamp out the shot noise.

This is the thermal noise limit. The choice of photodetector --

photomultiplier, photodiode or avalanche photodiode -- will often depend

on what type is available at the optical frequency at which one is

working.

Photodetector Output Statistics

While signal-to-noise ratio expressions are appropriate for

analyzing the performance of analog communication systems, the

performance analysis for digital communication receivers requires a

more complete knowledge of the detector output statistics. The digital

receiver will apply a decision rule to the received signal to determine

which of a finite number of signals, or characters, was most likely sent.

The performance measure of interest is the probability of making an

error in decoding. Determining the probability of error, Pr(e), requires

knowledge of the probability distribution of the detector output given

one knows which character was sent.

If there is no excess noise and the average shot noise variance,

a(Ps+PN), greatly exceeds (by a factor of ten or more) the thermal noise

variance, N /2(eG)2, the Poisson counting statistics will dominate. The

detector output current pulses can be modeled as a Conditional Inhomoge-
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neous Poisson process with rate parameter cs[PS(t)+PN].

If the thermal noise variance greatly exceeds (again by a

factor of ten) the average shot and excess noise variance, cF(Ps+PN),

the Gaussian statistics of the thermal noise will dominate. The

detector output current may then be modeled as a Gaussian random process

with mean value eGc[Ps(t)+PN] and variance No/2.

If the receiver noise is a combination of shot and thermal noise,

finding the underlying statistics of the detector output becomes quite

complicated, if not intractable. The approach used in this study has

* been to model the shot noise as a Gaussian process of the same variance

and then alternatively to model the thermal noise as a Poisson process,

again on a second moment basis. If the performance predicted by both

analyses are numerically close, it can reasonably be assumed that the

true performance is also numerically close. There are no guarantees on

how close however!

Finding the underlying statistics for the compound Poisson

process resulting from random gain fluctuations is a more tractable

problem [6]. However, receivers with gain fluctuations will most likely

utilize an optimal mean gain to maximize the signal-to-noise ratio by

balancing the shot and thermal noise variance terms. Thus, the

approach used here is to again model the shot and excess noise as a

Gaussian process and then the thermal and excess noise as a Poisson

process to achieve a 'handle' on the performance.
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Deterministic Power Assumption

The preceding discussion has assumed that the optical power

incident on the detector is known. In reality the power waveform will

be the output of a random atmospheric channel and thus a stochastic

process. It will be shown in this section that for most off-axis

optical communication systems the receiver statistics will behave as if

the detector were illuminated by a deterministic signal equal to the

mean value of the stochastic power waveform actually illuminating it.

The signal from an off-axis scatter channel can be thought of

as a distributed incoherent source, much the same way as background

light is modeled. The off-axis receiver will, within constraints, open

the field of view to take in as much of the extended source as possible.

It is possible to think of the receiver as the sum of an

array of diffraction limited field of view receivers, arranged to make

up the entire field of view. Due to the short wavelength of optical

frequencies, even modest fields of view will contain on the order of

106 to 108 diffraction limited fields of view. Each diffraction

limited field of view is looking at a different part of the scattering

atmosphere and the stochastic intensity fields incident on each can be

assumed to be statistically independent.

If the extended source approximately fills the receiver field

of view, to first approximation, the total average received signal power

may be thought of as equally divided among the diffraction limited fields

of view. (If the extended signal source does not fill the field of
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view, the field of view could be made smaller thereby decreasing the

collected background at no loss of signal.) Because of the large

number of diffraction limited fields of view, the signal plus background

power per diffraction limited field of view will be small. In fact,

for most off-axis receivers an average of less than one photon count

will be generated per diffraction limited field of view over the

counting interval of the receiver. Kennedy has called channels which

satisfy this supposition weakly coherent quantum channels [7].

The representation theorem for doubly stochastic Poisson

processes (that is a Poisson process in which the rate parameter is also

stochastic) states that the statistics of a doubly stochastic Poisson

process will behave as a conditional Poisson process with rate parameter

equal to the minimum mean square error estimate of the stochastic rate

parameter [8]. The minimum mean square estimate is based on all previous

*events and any conditioning. If the probabili-ty of getting one or more

counts or events .is small, the minimum mean square estimate is simply

the expected value of the rate parameter given any conditioning. Since

each of the diffraction limited fields of view is independent, the

output of the entire detector is a Poisson process with rate parameter

equal to the sum of the individual rate parameters. Thus, to the extent

that the off-axis scattering channel is weakly coherent, performance

analysis will require only the expected value of the received power

waveform from the propagation analysis.

To see that this is all reasonable, consider a not atypical

off-axis receiver with 10 cm diameter optics, 50 circular field of

~--.. ---. . ~L M d~h !
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view (about 90 mR), and optical filter bandwidth of 10- u (B0), a

counting interval of 1 u sec, and operating at a wavelength of 1 micron.

The diffraction limited field of view is

2
= =10-10 SR

ird /4

While the total field of view is

= (.09) 2 = .02 SR

18
or about 10 diffraction limited fields of view. The background power

per diffraction limited field of view is NBB0 where NB is the power

density of the background noise. Since NB is typically on the order

of 10 W u for atmospheric operation [9], the average number of

background counts per diffraction limited field of view over the

counting internal (aNBBoT) is on the order of 10O"12. Thus, this

receiver can operate with about 108 signal photon counts and still be

in the low photon coherence regime. For this receiver this corresponds

to about 10 u watts of signal power!

Fading Due to Turbulence

If the atmospheric scattering is primarily single scatter or

the off-axis receiver is not immersed in the scattering medium, one

must also consider the effects of atmospheric turbulence in the clear

atmosphere between the scattering volume and the receiver. Atmospheric

turbulence refers to the slight atmospheric refractive index fluctua-

tions due to uneven heating. Such refractive index fluctuations act
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as a random lens. When random lensing results in destructive inter-

ference in the receiver aperture, the random signal losses are known

as fading.

As shown in Figure 4, the scattering volume can be viewed as

a distributed incoherent source localized to a plane parallel to the

receiver aperture. This effective transmitter is located a distance L

from the receiver. Light emitted from points in this plane separated

- by a distance greater than the transmitter coherence distance, "
0

will pass through substantially different atmosphere and arrive at

the receiver with statistically independent random fading. One may

2thus define a transmitter coherence cell with area (p°) /4 . As long

as the effective transmitter contains many (one hundred or more)

coherence cells, the effects of fading will tend to 'average out' over

the statistically independent channels.

In a similar manner, light arriving at points in the receiver

aperture separated by greater than the receiver coherence distance, po

will have statistically independent fading. Thus, if there are many

receiver coherence cells each of area(P )2/4 in the receiver aperture,

the effects of fading will again be averaged out.

For a path with uniform turbulence

P = P = [1.09 (2x/) 2 Cn 
2 L] 3/5

where Cn2 is the atmospheric structure constant [10].

In addition to either of the above effects, the receiver field

of view must be large enough to compensate for random angle of arrival
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variations caused by turbulence. Typically the angular spectrum of

turbulence is on the order of tenths of milliradians so this condition

will always be met for a receiver in a scattering environment.

Again assuming that the scattering volume approximately fills

the receiver field of view, the area of the effective transmitter may

be calculated from the receiver field of view and the distance to the

scattering volume. As p is typically on the order of centimeters to

meters, the complete transmitter aperture averaging condition will

*, almost always be met.

Heterodyne Receivers

Transmitter aperture averaging to ignore the effects of turbulence

relies on the receiver having a large field of view and the weakly

coherent channel assumption implies that a diffraction limited field of

view will not collect much power. Yet, heterodyne receivers are

restricted to extracting information from a diffraction limited field

of view by local oscillator laser mixing requirements. Heterodyne

reception thus seems impractical for off-axis receivers.

One could consider an array of heterodyne receivers each with

diffraction limited field of view arranged to make up a large field of

view. This has the added complication of deciding how to optimally

combine and process the individual detector outputs which is essentially

decided for us in a direct detection receiver. Seeking to avoid this

added complication as well as considering the practical difficulties

of building such an array, (on the order of 106 diffraction limited

------ -- -- ---
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fields of view), this study was limited to direct detection receivers.

Having laid the groundwork for communication in off-axis

scattering channels, the next chapter will turn toward quantifying

the off-axis receiver performance for digital signaling.

1

* t
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CHAPTER THREE

THE BHATTACHARYYA DISTANCE

The digital communication receiver will implement a decision rule

on the detector output to determine which of a finite number of waveforms

was most likely sent. In the real world there is always a probability

that the signal will be so noisy that the receiver will make a mistake in

decoding. The probability of error, Pr(e), may be obtained by integrating

the probability distribution of the received signal, given one knows

1 what was sent, over the region on the 'wrong' side of the decision rule.

In general exact expressions for Pr(e) are difficult to obtain. Often it

will be necessary to settle for bounds on the probability of error. In

this chapter the bound provided by the Bhattacharyya distance will be

explored. Binary one-shot communication will be considered. The waveform

for a single bit (binary one or zero) is sent and the receiver makes a

decision on a bit-by-bit basis.

Bound Provided by the Bhattacharyaa Distance

The Bhattacharyya distance is defined:

B = - .n $ V p xH (xIH0) px i(xIHl) dx (3.1)

The underbar denotes a vector and PxIHi(x1Hi) is the probability

distribution of the vector x conditioned on hypothesis Hi.

Kailath [11) has shown that for equally likely hypotheses the
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Bhattacharyya distance may be used to provide upper and lower bounds on

the probability of error (independent of the underlying statistics).

I e-2B < Pr(e) 1 -B (3.2)

Notice that the bound provided by the Bhattacharyya distance

S,, does not involve the decision rule. Implicit in Kailath's derivation is

the use of a decision rule that minimizes the probability of error. Thus,

the bound based on the Bhattacharyya distance provides a bench mark

performance based on the shape and amplitude of the received signal. The

lower bound is the absolute best performance one might achieve given

the received power signal set. The upper bound is the worst one can do

asswning the receiver optimally processes the detector output.

The bound provided by the Bhattacharyya distance is closely

related to the Chernoff bound and the Maximum Aposteriori decision rule

(MAP rule). The MAP rule is the minimum probability of error rule. It

can be shown that the Chernoff bound is the exponentially tightest

bound on the probability of error [12]. For equally likely hypotheses

the MAP rule reduces to the Maximum Likelihood decision rule. The

likelihood ratio

L(x) = (3.3)
PHo0(ijH_ )

is evaluated at the received value of x. If L(x) is greater than one,

decide one was sent; if L(x) is less than one,decide zero was sent.
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Let y = zn L(x). Assuming that both types of errors occur with

equal probability, the probability of error is the probability Y is greater

than 0 given one knows zero was sent. The Chernoff bound on this probability

is given by

Pr(e) = Pr(y>OIHo) 0 E [eS-H O] (3.4)

There is an optimal value of s for which the bound is minimized, though

the bound is valid for non-optimal values of s.

An alternative form of the Bhattacharyya distance is

6. B = -n H ) X )dx -n EL(x) IH ] (3.5)

* ~x1H_ 0 0 pXIH1(. ~ ~ o

The upper bound provided by the Bhattacharyya distance may be written

1 -B E 1 l/2tn L(x)= E[L(x )IHo 0 e IHo]1 (3.6)

Thus, the upper bound provided by the Bhattacharyya distance is the

Chernoff bound for the MAP decision rule evaluated at the possibly sub-

optimal value of s=1/2.

The Chernoff bound provides a tighter upper bound on the

probability of error than that provided by the Bhattacharyya distance.

However, the general and simple nature of the bound provided by the

Bhattacharyya distance (no need to explicitly find the decision rule or

optimize on s) as well as the fact that it provides a lower bound make

the Bhattacharyya distance measure attractive for bench mark analysis.
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In the remainder of this chapter the Bhattacharyya distance for

the cases of Poisson processes, Gaussian processes, and Gaussian

processes with time varying variance will be developed. The latter will

be important when modeling the time varying shot noise as a Gaussian

process. It will be shown how the Bhattacharyya distance results may be

applied to a computer algorithm to calculate the probability of bit error

rate for optical communication systems. Finally, the Bhattacharyya

distance for twin channel processes will be developed. Such receivers

might be used in frequency shift keying systems, polarization modulation

systems or any system where predetection processing separates the

received field between two detectors.

Inhomogeneous Poisson Processes

For a Poisson process the probability distribution for the

unordered event times on an interval T is

?n

T ... .. TI n (T )Exp[-f A (t)dt]S(N-n)
P rl IN. TNNH( I" N'NH n-.r ITI xi

(3.7)

where xi(t) is the rate function under the hypothesis that i is sent.

The Bhattacharyya distance between two Poisson processes may

be found by substituting in the definition for the Bhattacharyya

distance [Eq.(3.1)].
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T T ~ in T
B= -zn f f...fOT n Lo n t x0 (oti)Exp[-f x (t)dt]6(N-n).

SI m To)/

MT T1/ 1/

M -T. X Et l(T )Exp[ f X t)dt]n (N-n) d . dl...dNdNmio .jl 1=IIt

.I [(r dt + f T X(t)d [1n t ) _t
t] 0 nco n!

rT T n 1/2
"o"~ " 0 Il[° )xl (Ti) ] d'l" ..dTN

1 TTn

y l o[xo(t)+Xl(t)]dt-zn I n.r fo Vxo(t) X,(t) d

f o [ X ( t )+ xl (t ) ] d t - n E x ( X dt ]

:: 1 T

0 j[X 0 (t)-2 0(t)Xl(t) + Xl(t)]dt

fTE[ TOT - ix1 t dt (3.8)

Gaussian Random Processes

The concept of the Bhattacharyya distance may be extended to

continuous time processes, of duration T, by considering - ector of

time samples of the process and then taking the limit at the number of

samples approaches infinity. Defining x as a vector of -ime samples of

the process x(t).



31

x(t1 ) x(t.) = .(6 x(t)dt

X and

x(tN) I6= T/N

The probability density for multivar te Gaussian random

* - variable is

T -.1
- Exp[-(x-m i )A i(x-mi )/2]

PxlHixIHi =  (2)N/ detl/ 2(A) (3.9)

where Ai is the covariance matrix of x under hypothesis i and mi is the

mean of x under hypothesis i. Notice that

ii

E[xHiJ = (t m(it)dt

-i i 1 3 1)6

where mi(t) is the mean of the process under hypothesis i.

The Bhattacharyya distance between two continuous time Gaussian

processes is then

Exp[-(x-mo ) TA-(1-o)/2]

B -in lim ". 0 -B nN- (27r)N/ 'det/()

Exp[-(x-mI) T A(x-rm)/2] 1/2

N/2' 1 TIdx
(27) N/2detl/ 2(A1 )



32

ExpL-(x-m A -'(x-m)14]
=-in in -0 0N-w - (27) N12 det1/4 (Ao0)

Exp[-(x-m )TAI (x- )/4)

det1/4 (Y m dx

This may be rewitten as the convolution of Gaussian distributions

( 2 7.)N 2 det2(Ao)det2(A, )

-9.n limi- :N- (2 )N/2 det /4 (Ao) det1/4 (A,)

, d×
T 1 T -1

U-Q (2,)N(2 -)- detl7 2(2Al) dx

(3.10)

2N/2 det1/4 (A 0)det
114(A1 )

B -n lim det1/2(Ao+A)N- 0

T 01Exp[. (mno-!m )(Ao+AI - (mo-ml 7/4]

If the time samples are statistically independent (white) and of

uniform variance Ao=A 1ao
2 I, where I is the identity matrix. Eq.(3.9)

may be simplified as follows:

B = -gn lim 2N/2detl/2( 21) Exp[-j Cmo(tj)-m I(tj) 2/8a
2]

N.1472N/ 2 detl / 2 (a2 1) jI 0

B = T [mo(t-mlt] 2dt (3.1187fo oT[0 t)m(
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Gaussian Processes with Time Varying Variance

Consider now a Gaussian process that is still white but with a

variance that changes from time sample to time sample and under the

hypothesis. That is

[O(tl) 2: i 2t) 2 C)
2. 1

2 ~(j-1 )6

The Bhattacharyya distance expression may be found by substituting

in Eq.(3.9)

* N N 1/2
* 2 nI a (t) IT o( 1

B -zn lim N= 0 j
N- 2 2

'4 C2)a (tj)a~(j3

N j=l JEc(~ ~t~] F2(.
1~~~~ lim (tEEm(tm(tt + i+ 1

2 t

[m 2 21

N m 0(t-(t i))m~ 2 a% 2t~o Ct) (i

B 0o 2[a 2 (t)+a1 +(t)) L0a (t)O1(t) dt (3.12)

Application to Optical Communication

The application to optical communication is now clear. The
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detector output for direct detection optical receivers in which shot

noise dominates is modeled as an Inhomogeneous Poisson process with

rate function i(t)=~( PSi(t)+PN) given i was sent. The received signal

power waveform given i was sent is Psi (t). Substituting in Eq.(3.7)

to evaluate the Bhattacharyya distance

B fo: (YPso(t)+PN " / PS,(t)+PN) dt (3.13)

The detector output of thermal no,.) limited receivers is modeled

4 as a Gaussian random process with mean mi(t)=eGa[Psi(t)+PN] and variance

N /2. The Bhattacharyya distance is evaluated using Eq.(3.10).

i(eGci) 2  dt

B =8No2 [Pso(t)-P(t)]2 dt (3.14)

If the receiver noise is a combination of shot, thermal or excess

noise the detector output will be modeled as a Poisson process, then

as a Gaussian process and the performance compared.

Modeling the excess noise and thermal noise as multiplicative

and additive increases, respectively, in the variance of the Poisson

process, the rate function is

No/2

Xi(t) = Fa(Psi(t)+PN) + 0 (3.15)

Notice that the thermal noise must be divided by the square of the

multiplicative gain to refer it back to the shot noise generation.

i ' " -. ...-. .
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Defining
N0 /2

=N PN + (3.16)
FcdeG)

The rate function may be rewritten

Xpt) = Fa[Psi(t) + N] (3.17)

and the estimate of the Bhattacharyya distance evaluated using Eq.(3.7).

FT (t) (3.18)B= 7 f a(/ Pot)N - /PS(t)+P) d

Modeling the shot and excess noise as an increase in the

variance of the thermal Gaussian process

m1(t) =eGcdP5 i(t) + PN) (3.19)

2
C1(t) =F(eG) ci(P~i(t) + PN + N012

*Again defining ~N as in Eq.(3.15)

2 (t) =F(eG) 
2 a (P51 t (3.20)

The Bhattacharyya distance is approximated using Eq.(3.l1), the

Bhattacharyya distance for Gaussian processes with time varying

variance.

1 __________________ [PSo (t)+P sl (t)+2P N
B 2 2F[ TL~ (t)PSI(t)2 .+kn)J dt

JL 2ESo N+Pi )+- 2,1 (P So(t)+P N][PSl(t)+PN

(3.21)
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Once the Bhattacharyya distance between the received signal given

onewas sentand the signal qvenzerowas sent has been calculated, the

performance may be evaluated using the bounds provided by Eq.(3.2).

The received power waveforms given mark and space will usually

be supplied by a propagation computer program as sampled waveforms. It

is natural then to evaluate the integrals involving the received

power in Eqs. (3.12), (3.13), (3.17), and (3.20) using a numerical

integration technique. Since the received waveforms will usually

be supplied as sample points rather than functional representations, one

4is limited to numerical integration techniques such as Simpson's rule

or the trapazoid rule. The Appendix describes a FORTRAN computer

program subroutine that calculates bounds on the probability o4 bit
I

error based on the Bhattacharyya distance measure.

Twin Channel Receivers

Finally consider an optical communication receiver that employs

two detectors, each monitoring a different frequency, polarization or

spatial component of the received signal. Such a receiver will have

two random processes available to it in making a decision. The

processes, x(t) and y(t), will be statistically independent since the

noise mechanisms between the detectors can be assumed to be independent.

Px,yjHi(xyiHi) = pxjHi(xIHi) pyiHi(yiHi) (3.22)

The Bhattacharyya distance is then
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B =-zn L L VP~HbJo Px,jH 1 (x,ylHi dxd~

1/2
PxfH 1(xIH1) PyiH 1(yiHl)] dxdy

B -zn f *'P. (11Hj p.1 xI, dx +

(3.23)

-in "'p~ y j WH0) py F( jT1 dy,

Each term of the above expression may be evaluated using the

single channel results. One is even able to consider the case where

one detector is shot noise limited and the other thermal noise

limited. The performance analysis for twin channel receivers will

require four waveforms -- the power waveforms incident on each detector

under both hypotheses of what was sent.
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CHAPTER FOUR

SUMMARY

The bound on the probability of error provided by the

Bhattacharyya distance is a general, yet relatively simple to

evaluate,measure of the performance of optical communication systems.

q- The Bhattacharyya distance is applicable to any intensity modulated

digital signaling format: On-off, pulse position modulation or phase

or frequency shifting of a sinusoidal intensity subcarrier. To the

extent that the propagation analysis models the distortion of the wave-

forms during propagation, the Bhattacharyya distance measure will

reflect performance degradation due to this. However, it should be noted

that as developed here the Bhattacharyya distance is only applicable

to the one shot communication problem. Thus, if the time dispersion

becomes significant enough that intersymbol interference results, the

Bhattacharyya distance will not account for the performance degradation.

The bench mark type performance measure that the bound provided

by the Bhattacharyya distance supplies is appropriate for interfacing

with a propagation analysis. By calculating upper and lower bounds on

the probability of error assuming optimal processing, the Bhattacharyya

distance provides a quick check on the performance that could be

achieved as the receiver location, link geometry or atmospheric

scattering parameters are changed. The receiver parameters are not

that crictical, and will often be used to specify the general type of

receiver one wishes to consider.
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Finally, though the Bhattacharyya distance results for twin

channel receivers were not explicitly implemented in computer code, at

such time as propagation programs that adequately model the propagation

of the various polarization or frequency components of the field become

available, the extension of the computer code to twin channel receivers

is straightforward.

F.
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APPENDIX

PROBABILITY OF ERROR SUBROUTINE

The subroutine ERROR is a FORTRAN program to calculate upper

and lower bounds on the probability of bit error for any direct

detection optical communication receiver for which the power waveform

incident on the detector may be considered non-stochastic. The probabil-

ity of error bounds are implemented by means of the Bhattacharyya

distance measure.

The performance bounds are based on the received power wave-

forms given mark and space. Thus, the lower bound is the absolute best

performance one might possibly achieve given the received signal set.

The upper bound is the worst one will do assuning the receiver implements

the optimal decison rule on the detector output.

The inputs are passed to the program in labeled common. The

sampled received power waveform given mark and the received waveform

given space as well as the number of sample points and the bit duration

appear in the common WAVEFM. The number of sample points must be odd.

The pertinent receiver parameters are passed in the common RCVR. Or

it may be more convenient to insert the common blocks from the main

program that contain the necessary information. The labeled common

INTER passes data to the external Bhattacharyya distance functions.

The program returns as arguments the upper and lower bounds

on the probability of bit error and a flag indicating whether the
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performance is (1) shot noise limited, (2) thermal noise limited, or

(3) a combination of shot and thermal noise. If the receiver noise is

a combination of shot and thermal or excess noise, both the performance

assuming a Poisson model and the performance assuming a Gaussian

model are returned for user comparison.

The Bhattacharyya distance integrals are evaluated using Simpson's

rule for integration. To the extent that the sample points adequately

represent the waveform in a piece-wise sense, Simpson's rule is

accurate enough.

Following is a flow chart and program listing of the subroutine

ERROR.

(.
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Flow chart of subroutine ERROR
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SUBROUTINE ERROR

a i7X/hc
PN2 P 9 + P 0

CALCULATE
-~ AVERAGE

RECEIVED
POWER

A4

THRA

NOS 0 VRG



44

A

NFLAG ~2

CALL SIMP
T

I 8No/2 ." I
j'Pso M -P~S, (0)) dt

F; e-0Pr() tER -

' II

, I B Pr3(e THERM

* RETURN

NFLAG I

CALL SIMP2' ' j" (",/Pso(t)*. p,)+P ,, d
B'0

I'
e -29 <pr (e) <HT, I e-B

RETURN

Is* '* S*OT--
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C

NFLAG 3

CALL SIMP

e-2 <Pr e)SHOT

CALL SIMP 2

B"! [ (pO (t)- _ t)) 2

(Pso(t)+PSI(t)+2PN )d

a /(PSO (t)+ P)(Ps ( t) + pN

14 P (0) THERM 1* -1

(RETURN
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* >1 Program listing of subroutine ERROR 1
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C.
subroutine error(nflag,lobndl,upbndl,

& lobnd2,upbnd2)
C
a CALCULATE PROBABILITY OF BIT ERROR
c
c INPUTS:
c psO(i) - SAMPLED RCVD SIGNAL POWER
c WAVEFORM GIVEN SPACE (W)
c psl(i) - SAMPLED RCVD SIGNAL POWER
c WAVEFORM GIVEN MARK (W)
c npts - NUMBER OF SAMPLED WAVEFORM
c POINTS. NPTS MUST BE ODD.
c t - BIT TIME INTERVAL (S)
c eta - DETECTOR QUANTUM EFFICIENCY
c g - DETECTOR GAIN
c f - EXCESS NOISE
c lambda - OPTICAL WAVELENGTH (M)
c enzero - BILATERAL SPECTRAL DENSITY
c OF THERMAL NOISE (J)
c pback - BACKGROUND POWER (W)
c pdark - EQV POWER THAT GIVES RISE
c TO DARK CURRENT (W)

c RETURN:
:c upbndl - SHOT NOISE LIMITED UPPER

c BOUND ON PROBABILITY OF ERROR
c lobndl - SHOT NOISE LIMITED LOWER
c BOUND ON PROBABILITY OF ERROR
c upbnd2 - THERMAL NOISE LIMITED UPPER
c BOUND ON PROBABILITY OF ERROR
c lobnd2 - THERMAL NOISE LIMITED LOWER
c BOUND ON PROBABILITY OF ERROR
c nflag - PERFORMANCE FLAG
a 1 - SHOT NOISE LIMITED
c 2 - THERMAL NOISE LIMITED
c 3 - COMBINATION OF SHOT AND
c THERMAL OR EXCESS NOISE
c
c INTERNAL VARIABLES:
c b - BHATTACHARAYYA DISTANCE
c pnoise - EFFECTIVE NOISE POWER (W)
c pave - AVERAGE RECEIVED POWER (W)
c alpha - OPTICAL POWER TO AVERAGE
c PHOTON COUNTS
c eg - PHOTON COUNTS TO CURRENT
c

common / wavefm / npts,t,psO(1000),psl(1000)
common / rcvr / eta,g,f,enzero,pback,pdark,

& lambda
common / inter / pnoise,alpha,eg,fnoise
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external funcl,func2,func3
real larnbda,lobnd1 ,lobnd2

C
alpha~eta*lambda/( 2.998e8*6 .626e-31)
eg=1 .6e-19*g
fnoi se~f

c
pnol, se~pback+pdark

0 CALCULATE AVERAGE POWER
pave:O .0
do 10 i:1,npts
pave~pave+psl( i)+ps0( i)

10 continue
pave:O .5*pave/npts+pnoise

C

c THERMAL NOISE LIMITED? ',

& if (enzero/eg**2.gt.10.O*f*alphapave)
& go to 40
c EXCESS NOISE?

if (f.gt.1.O) go to 20I
c SHOT NOISE LIMITED?

if (alpha*pave.gt.1O.O*enzero/eg**2)
& go to 30

20 nflag=3
pnoise~pnoi se+enzero/( alpha*eg**2*f)
b=O.5*f*sirnp(funcl)

4 upbndl=0.5*exp(-b)
lobndl=0.25*exp(-2.0*b)
b=O.5*sinp( func3)
upbnd2:J .5*exp(-b)
lobnd2:O .25*exp( -2.0'b)
return

C
30 nflag=1

b=O.5*simp(funcl)
upbndl:0.5*exp(-b)
lobndl:0 .25*exp(--2.O'b)Il
return

C
40 nflag=2

b:O. 125*(alpha*eg)**2*sinip(func2)/enzero
upbnd2=0.5*exp(-b)
lobnd2=0.25*exp(-2.0*b)
return
end
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C.
function simp(func)

C
c SIMPSONS RULE INTEGRATION OF
c FUNCTION FUNC
C

common / wavefm / npts,t,psO(1000),psl(1000)
double precision sum

C
sum=O .0
do 10 i:1,npts-2,2
term=func Ci) +4*func Ci+ ) +func Ci+2)
surn~sum~term

10 continue
sirnp~t*sum/(3*(npts-1))
return
end

C.
function func(i)

C
c BHATACHARAYYA DISTANCE FUNCTIONS
c

common / wavefm /npts,t,pO(1000),pl(1OOO)
common / inter /pn,a,e,f

* c
c POISSON PROCESS

entry funci~i)
func~a*(sqrt~p1Ci)+pn)-sqrt~pO(i)+pn))**2
return

c
c GAUSSIAN PROCESS

entry func2(i)
func=(plCi)-pOC i))**2
return

c
c GAUSSIAN PROCESS - TIME VARYING VARIANCE

entry func3(i)
func~a*(p1 Ci)-pOC i)) **2/

& (2.0*f*(plC i)+pO(i)+2.O*pn))+
& alogC (plC i)+pOC i)+2.O*pn)/
& (2.0*sqrt((plC i)+pn)*(pO( i)+pn))))

return
end
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